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the  author  in  February  1974. 
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processes  and  techniques  for  use  in  economical  production  of  USAF  materials  and 
components  for  aircraft  production. 
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ABSTRACT 


In  this  21-month  program,  optimized  process  parameters  for  sleeve  coldworking  of 
fastener  holes  have  been  developed,  and  the  effects  of  process  and  application  parameters  on 
structural  performance  have  been  defined  for  selected  aluminum,  titanium,  and  high- 
strength  steel  alloys.  The  sleeve  coldworking  process  for  fastener  holes  is  a  process  that  uses 
a  tapered  mandrel  in  conjunction  with  a  disposable,  prelubricated  sleeve  to  compressively 
prestress  a  significant  size  zone  around  each  hole  which  offsets  the  stress  concentration  of 
the  hole  itself.  Tin;  sleeve  method  allows  higher  degrees  of  prestressing  than  possible  with 
other  methods  and  offers  potential  for  significant  improvements  in  fatigue  performance.  In 
addition,  it  does  not  require  precision  controls  germane  to  other  fatigue-rated  hole 
preparation/fastener  installation  systems.  This  technical  report  covers  the  results  of  this 
21-month  program.  In  addition  to  definition  of  optimized  methods  and  the  effects  of 
process  and  application  variations  upon  structural  performance,  the  results  include 
performance  and  economics  comparisons  for  the  process  with  other  fatigue-rated  hole 
preparation/fastener  systems.  Volume  11  contains  test  data  sheets  and  other  supporting  data. 
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SECTION  I 


INTRODUCTION 


In  a  stressed  component,  a  fastener  hole  creates  a  significant  concentration  of  stresses; 
that  is.  the  gross  area  stresses  are  magnified  at  the  hole.  If  these  stress  concentrations  are  not 
reliably  compensated  for.  critically  stressed  aircraft  components  will  suffer  premature 
failures  under  cyclic  loading  conditions.  In  addition,  the  methods  of  generating  the  holes, 
especially  in  higher  strength  metals,  can  lead  to  finish  and  metallurgical  conditions  that  will 
amplify  the  problem. 

The  sleeve  coldworking  process  offers  what  appears  to  be  one  of  the  most  foolproof 
systems  of  compensating  for  these  problems.  This  system  utilizes  a  high-interference  tapered 
mandrel  with  a  disposable,  prelubricated  sleeve  to  prestress  a  significant-sized  zone  around 
each  fastener  hole.  This  zone  is  prestressed  with  a  high-order  compressive  hoop  stress  that 
effectively  mitigates  the  stress  concentration.  The  process  does  not  demand  precision 
controls  required  for  other  fatigue-rated  hole  generation/fastener  systems. 


In  this  program,  optimized  process  parameters  for  use  of  the  process  in  2024-T851  and 
71 75-T736  aluminum,  Ti-6AI-4V  and  Ti-6Al-6V-2Sn  titanium,  and  3G0M  steel  have  been 
developed.  Additionally,  the  effect  of  process  and  application  parameters  upon  performance 
have  been  defined.  Phase  I  of  this  21 -month  program  covered  development  of  the  optimized 
process  parameters;  phase  II  covered  definition  of  the  effect  of  process  variations  and 
application  parameters  upon  performance. 

Phase  l  optimized  mandrel  taper  angles,  hole  expansion  values,  sleeve  design,  sleeve 
lubricant,  mandrel  finish,  hole  sizing  requirements  and  methods,  multimaterial  stack 
techniques,  and  inspection  methods,  and  defined  portable  equipment,  force  requirements, 
edge  bulging  paiametcrs  and  distortion  parameters.  Optimization  was  based  on  pull  forces, 
sleeve  thinout,  hole  profile,  surface  upset,  and  fatigue  performance  for  3/8-  and 
3/4-ineh-diameter  holes.  Phase  II  primarily  utilized  fatigue  coupon  testing  plus  some  stress 
corrosion  and  photostress  testing  to  assess  the  effect  of  process  and  application  parameters 
upon  performance.  This  included  effects  of  edge  margin,  hole  spacing,  load  transfer, 
adjacent  noncoldworked  holes,  sleeve-split  orientation,  sleeve  design,  subsequent  hole  sizing 
amount,  filled  versus  nonfilled  holes,  fastener  interference,  countersink  and  countersink 
angle,  cottntcrsink/eoldworking  sequence,  differential  growth,  surface  upset.  Joint  prestress, 
prior  hole  processing,  prior  hole  fatigue  cycling,  prior  hole  damage,  subsequent  hole  damage, 
and  material  thickness. 


This  program  was  coordinated  with  contract  F336I5-71-C-1548.  “Precision  Hole 
Cienemtion  Methods."  conducted  at  McDonnell  Aircraft  Company  in  St.  Louis.  Missouri. 
Hole  generation  criteria  for  certain  specimens  and  fatigue  specimen  design  were  coordinated 
to  allow  valid  comparisons  of  results. 


SECTION  II 


SUMMARY 


This  program  has  taken  the  process  of  sleeve  coldworking  for  fastener  holes,  as 
originally  developed  and  utilized  for  aluminum  structure,  and  refined  it  with  regard  to 
processing  and  application  parameters  in  aluminum,  titanium,  and  steel.  Detailed  results 
from  the  phase  1  process  refinement  effort  are  extensive  and  included  in  the  body  of  this 
report:  in  summary,  this  effort  produced  the  following  results: 

1)  A  change  in  mandrel  taper  from  0.015  inch/inch  to  0.045  inch/inch  that  allows 
less  back-side  clearance  and  a  significant  reduction  in  force  requirements 

1)  Definition  of  force  requirements  for  different  hole  diameters  and  stack 
thicknesses  in  the  program  materials 

5)  Definition  of  optimum  coldworking  expansion  values  for  different  hole  diameters 
in  the  program  materials  within  the  restraints  of  process  capability,  such  as  limits 
imposed  by  mandrel  breakage  above  certain  expansion  values  in  the  high-strength 
steel 


4)  Definition  of  surface  upset  profiles  and  hole  axial  profiles  with  regard  to  further 
definition  of  allowable  part  gapping,  fretting  shim  requirements,  and  postsizing 
requirements 


51  Definition  of  the  effect  of  the  process  upon  part  growth,  edge  bulging,  and 
distortion 

M  Development  of  a  successful  sleeve  process  with  a  pull  mandrel  for  the 
high-strength  steel;  albeit,  the  pull  process  has  a  capability  to  produce  only 
one-half  the  retained  expansion  for  an  equivalent  initial  theoretical  interference  as 
the  solid  carbide  mandrel  push  process 

7.)  Definition  of  the  current  sleeve  design,  sleeve-split  width,  and  internal  sleeve 
lubricant  as  optimum  for  the  process 

8)  Demonstration  of  the  capability  of  the  process  to  easily  accomplish  its  beneficial 
prostressing  iu  imiltimaterial  stacks  of  aluminum  and  titanium 

0)  Definition  of  finite  postsizing  recommendations  and  initial  hole  size  recommenda¬ 
tions  to  assure  that  enough  metal  remains  for  full  cleanup  postsizing  I  Note:  the 
phase  II  results  indicate  that  postsizing  or  full  cleanup  may  not  be  necessary  for 
many  zero-  to  low-load-transfer  applications^ 

10)  Detailed  definition  of  portable  tool  requirements 


ii--  FRgCSPfNT.  etfltt 


1 1 )  Detailed  listing  of  commercially  available  portable  tools  with  specific  capabilities 
designated 

12)  Definition  of  a  suitable  inspection  procedure  to  assure  proper  processing  has  been 
accomplished 

The  phase  II  effort  on  application  parameters  is  probably  of  the  most  interest.  The 
results  have  shown  many  elements  of  definite  significance,  including  several  that  were  not 
anticipated.  These  results  and/or  interpretations  are  summarized  in  the  following: 

1 )  Fatigue  test  results  for  reamed  only  and  honed  only  holes  in  this  program  were 
comparable  to  those  achieved  in  the  McDonnell  Aircraft  Company  Precision  Hole 
Generation  Program  (AFMl-TR-73-135  report)  even  though  testing  speeds  were 
different.  Thus,  performance  results  can  be  directly  compared. 

2)  With  small  test  specimens,  in  some  metals,  the  use  of  net  areas  rather  than  gross 
areas  (for  calculating  applied  load  stress)  allows  a  properly  prestressed  fatigue 
specimen  with  a  fastener  in  it  to  produce  fatigue  values  better  than  base  metal 
values. 

3)  The  previous  proved  to  be  possible  with  the  2024-T85I  aluminum  alloy,  but  was 
not  achieved  with  the  Ti-6AI-4V  titanium  alloy  and  the  30QM  (270-300  ksi)  steel. 
This  might  indicate  that  equivalent  levels  of  prestressing  (based  on  strength  levels 
of  the  alloys)  may  not  have  been  achieved  in  the  titanium  and  steel.  Edge  strain 
measurements  indicate  that  this  was  probably  the  ease  for  the  titanium,  but  not 
for  the  steel.  The  titanium,  however,  disclosed  an  erratic  performance  (wide 
scatter)  at  higher  levels  of  coldworking  interference. 

4)  In  the  2024-T85I  aluminum,  a  straight  shank  boh  in  a  cold  worked  hole  produced 
u  fatigue  performance  equivalent  to  a  properly  installed  tuperlok  in  zero-load- 
transfer  as  Well  as  in  high-load-transfer  applications.  The  high-load-transfer 
application  required  some  additional  bolt  interference  (0.002  inch)  to  achieve 
equivalency.  With  the  so-called  “optimum’*  coldworking  interference,  however,  an 
interference-lit  bolt  reduced  performance  of  a  zero-loud-transfer  application. 

5)  A  flush  installation  tapered  shank  fastenei  proved  to  be  inadequate  in  protecting 
the  countersink  in  aluminum  alloy  installations,  whereas,  ti  cold  worked  hole  that 
was  posteouutorsunk  had  a  fatigue  performance  slightly  better  than  a  noncounter- 
sunk  hole.  The  Hush  tapered  shank  fastener  in  titanium  installations,  however, 
showed  only  a  slight  loss  in  performance  over  the  protruding  head  versions  in 
zero-loud-transfer  applications.  Hie  countersunk  and  coldworked  holes  in 
titanium  still  showed  better  performance  than  the  tapered  shank  fasteners  in  the 
zero-load-transfer  applications;  however,  the  sequence  of  coldworking  and 
countersinking  was  reversed  in  terms  of  best  performance.  This  possibly  is  the 
result  of  inadequate  prestressiug  in  the  titanium.  It  should  he  noted  that  the  best 


performance  of  all  in  the  titanium  (under  zero-load-transfer  conditions)  was 
achieved  by  using  an  interference-fit  bolt  in  a  coldworked  hole.  The  tapered  shank 
results  in  titanium  were  very  erratic  and  scattered. 

6)  In  the  high-strength  steel,  countersinking  before  coldworking  was  detrimental  to 
fatigue  performance,  whereas,  countersinking  after  coldworking  produced  the 
best  overall  results  with  zero  load  transfer. 

7)  Deletion  of  postreaming  in  coldworked  holes  demonstrated  no  influence  upon 
fatigue  performance  of  open  holes  or  upon  low-load-transfer  specimens  in  the 
2024-T85 1  aluminum.  In  the  Ti-6A1-4V  titanium,  deletion  of  postreaming 
produced  no  change  in  open-hole  performance,  but  some  improvement  over 
postreamed  holes  with  low  load  transfer.  Only  open-hole  performance  of 
nonpostreamed  holes  was  assessed  in  high-strength  steel;  in  this  case,  it  showed  a 
significant  improvement  over  coldworked  and  postreamed  holes  (which  were  no 
better  than  reamed  only  holes),  but  only  a  slight  improvement  over  coldworked 
and  postreamed  holes  produced  in  “as-drilled”  (versus  prereamed)  holes. 

8)  Post  reaming  allowances  for  oversi/ing  appear  to  be  quite  wide  in  aluminum  and 
titanium  with  no  significant  difference  in  open-hole  performance  up  to  the  1/16 
inch  (on  the  diameter)  removed  in  this  program.  The  3COM  (270-300  ksi)  steel  is 
more  sensitive  to  the  open-hole  testing  and  shows  a  loss  in  performance  at 
I /64-inch  removal,  recovery  at  1/32  inch,  and  a  loss  again  at  1/16  inch.  This  is  not 
necessarily  illogical  in  view  of  the  increase  in  performance  achieved  in 
countersinking  the  steel.  That  is.  this  more  notch-sensitive  material  probably 
reacts  to  the  loss  of  tire  initial,  highly  stressed  compressive  surface  layer  in  terms 
of  crack  initiation,  further  metal  removal  very  likely  reduces  compression  and 
tension  prestress  levels  without  reducing  the  size  of  the  compressive  zone  and.  in 
turn,  may  achieve  a  better  balance  of  stresses  to  reduce  crack  propagation  rates. 

4)  The  span  between  “worst”  performance  and  “best"  performance  was  least  with 
the  aluminum  and  most  with  the  steel.  The  worst  performance  in  the  aluminum  is 
registered  with  zero  load  transfer,  open,  reamed  only  holes;  whereas,  in  the 
titanium  and  steel,  high-load-transfer  applications  produced  drastic  reductions  in 
fatigue  performance  for  all  conditions.  The  best  high-load-transfer  performance  in 
the  titanium  was  achieved  with  the  tapered  shank  fasteners.  The  tapered  shank 
fasteners  wore  not  tested  in  the  steel.  Coldworking  produced  a  4  to  I 
improvement  in  high-load-trunsfer  applications  in  the  steel  at  1 10  ksi  musimum* 
net  test  stress  and  u  20  to  I  improvement  with  zero  load  transfer  at  the  same  test 
stress. 

Hi)  In  ..  iv „  tnum.  surface  upsetting  appeared  to  cause  no  loss  of  performance  from 
frcli  in  zcro-loud-transfcr  and  low-load -transfer  applications,  but  did  produce 
son  e  loss  of  improved  performance  with  high-load-transfer  applications.  The  use 
of  a  thin,  mieariit  interface  slum  eliminated  this  fretting  and  the  performance  loss 
in  aluminum.  In  titanium,  high-load-transler  performance  was  best  without  the 
shim;  in  the  steel  it  made  tio  difference. 


11)  Open-hole-testing  appears  to  be  a  valid  approach  for  comparisons  in  aluminum, 
but  raises  questions  of  value  with  the  more  notch-sensitive  materials.  The  author 
would  definitely  recommend  that  only  tilled-holo  testing  be  used  for  future 
comparisons. 

12)  The  stress  corrosion  tests  of  cold  worked  holes  in  the  300M  (270-300  ksi)  steel 
showed  absolutely  no  problem  with  stress  corrosion  cracking  after  completion  of 
almost  900  hours  of  alternate  immersion  testing  in  a  3-1/2%  salt-water  solution. 

13)  The  lack  of  countersink  protection  from  a  tapered  shank  fastener  and  from 
coldworking  where  the  countersink  already  exists  (with  exception  to  the 
titanium)  means  that  neither  would  be  worthwhile  applying  to  Hush  installations 
in  repair  work  on  aluminum  and  steel  structure  where  countersinks  already  exist. 
An  exception  would  be  an  application  whereby  the  underlying  structure  requires 
the  protection. 

14)  Edge  margins  and  hole-spacing  variations  showed  no  effect  ipon  fatigue 
performance  gains  for  eoUlworked  holes  in  all  materials  beyond  normal  scatter 
bands  with  edge  margins  down  to  I-I/2D  and  hole  spacing  down  to  31). 

15)  The  7175-T736  alloy  showed  appreciably  better  base  metal  fatigue  performance 
than  the  2Q24-T85I.  but  was  only  slightly  better  in  reamed,  open  and  filled  holes 
and  in  eoUlworked  open  holes.  In  coldworked  and  filled  holes,  it  hud  slightly  less 
performance  than  the  202  >-T85 1 . 

10)  TIk  ST  A  and  STOA  hat  treat  condition,  lor  the  TU6A1-4V  titanium  alloy  did 
not  produce  as  good  fatigue  performance  as  the  annealed  alloy  under  any  test 
condition,  including  base  metal. 

17)  None  of  the  heal  treat  conditions  for  the  iV(i‘\l-bV-2Sn  titanium  alloy  had  better 
performance  in  any  condition  than  the  annealed  Ti*(»A14V  titamun. 

18)  Tlw  STOA  heat  treat  for  the  Ti-.‘>Ak*V  2Su  titanium  alloy  showed  slightly  better 
fatigue  performance  than  the  annealed  or  ST  A  conditions  for  the  same  alloy  in 
the  lv*se  metal  tests  and  the  reameu,  filled  ho'es.  Neither  the  ST  A  or  the  STOA 
were  as  good  as  the  annealed  condition  with  coldworked.  filled  holes. 

19)  The  pull  process  with  a  sleeve  developed  in  this  program  for  tlte  2  70- 3(H)  ksi  si  eel 
application  produced  the  following  relative  fatigue  performance  a;  1 10  ksi 
maximum -net  area  test  stress  with  filled  holes  and  zero  load  transfer: 


a) 

Reamed  only 

80.000  cycles 

b) 

l7W  with  steel  mandrel  and  sleeve 

1 50.000  cycles 

e> 

C/W  with  carbide  mandrel  . 

300.000  cycles 

20)  With  unsupported  thin  aluminum  materiel  (0.060  inch;,  the  high-interference 
coldworking  process  produced  dishing  of  the  material  around  the  hole  and  no  gain 
in  fatigue  performance  from  loss  of  prestress.  In  ti'aniui  c  the  loss  was  slight,  and 
in  steel  there  was  no  loss.  The  relative  differences  may  be  a  result  of  differing 
material  stiffness  and  also  the  differing  ensitivity  of  the  titanium  and  steel  to 
open-hole  testing.  Stack  sandwiching  might  also  alter  the  aluminum  result. 

21)  Post  damage  by  scoring  coldworked  holes  showed  no  loss  in  improved  tatigoe 
performance  in  any  of  the  alloys  indicating  that  the  process  would  not  be 
sensitive  to  damage  caused  by  bolt  installation  or  reaming. 

22)  The  location  of  the  sleeve  split  caused  no  loss  of  performance  in  zero-load-trumfer 
testing  of  the  aluminum,  titanium,  or  steel.  The  discontinuity  in  the  'cirface  upset 
caused  by  the  sleeve  split  may  create  localized  interface  fretting  with  aluminum 
under  high-load-transfer  conditions.  Use  of  the  previously  mentioned  mioarta 
shim  technique  would  avoid  this  problem. 

23)  Photostress  analysis  of  precountersunk  and  coldworked  specimens  indicated  that 
the  sleeve-split  discontinuity  may  be  the  determining  factor  in  not  providing 
protection  for  the  countersink  in  aluminum.  A  solid  sleeve  may  prove  to  be  better 
for  rework  purposes  where  a  countersunk  already  “•■Ms, 

24)  Proper  drilling  prior  to  coldworking  was  not  detrimental  to  fatigue  performance, 
hut  abusive  predrilling  was  detrimental  in  aluminum  and  titanium.  Both  proper 
predrilling  and  abusive  predrilling  proved  to  be  better  than  prereaming  hi 
coldworked  holes  in  the  300M  steel.  This  bears  more  investigation  in  terms  of  its 
potential  for  reducing  current  costs  for  critical  hole  generation  controls  in 
high-strength  steel. 

2.S )  Prior  league  cycling  followed  by  s>. ,  ve  coldworking  aod  prior  small  fatigue  cracks 
follower  by  sleeve  cold  working  resulted  in  no  toss  of  fatigue  performance  tor  the 
aluminum,  titanium  or  steel  over  that  expected  with  un fatigued  or  uncracked 
Holes. 

26)  Tire  process  displayed  excellent  repeatability  of  resuu>  without  extreme  care 
required  in  processing  and  provided  protection  for  flush  installation^,  when 
correctly  sequenced. 

27)  Cost  analysis  shows  that  provision  of  reliable  coldworking  protection  Is 
significantly  less  than  that  for  the  tapered  fastener  system  and  slightly  more  than 
a  straight  shank,  interference-fit  bolt  system.  The  latter,  however,  is  prnctfodly 
limited  l>y  diamcn  whereas,  the  High  interference,  sleeve  eoldver king  system 
is  not. 


SECTION  III 


m  i 


PROGRAM  PLAN 


The  program  consisted  of  a  two-phase  effort.  Phase  I  included  eight  separate  tasks  that 
developed  optimized  process  parameters  for  applying  the  sleeve  coldworking  process  to 
aluminum,  titanium,  and  steel.  Phase  II  included  five  separate  tasks  that  defined  the  effects 
of  process  and  application  parameters  upon  the  performance  of  these  alloys-primarily  with 
regard  to  fatigue.  The  basic  intents  of  the  program  were:  (I)  to  demonstrate  that  this 
process  is  a  relatively  low-cost,  reliable  process  to  assure  repeatable,  required  performance  of 
critical  aircraft  structure  and  components,  and  (2)  to  develop  and  define  the  ne  -essary 
parameters  to  allow  optimized  use  and  application.  A  tabulation  of  the  specific  tasks  is 
shown  in  figure  1.  A  more  detailed  delineation  for  each  task  follows. 
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I.  PHASE l:  PROCESS  PARAMETERS 

a.  Task  I -Optimum  Mandrel  Taper  Angle 

In  this  task,  3/8-inch-  and  3/4-inch-diameter  holes  were  coldworked  to  three 
different  expansions  with  each  of  three  different  taper  angles  on  the  e  Jdworking  mandrels, 
This  was  accomplished  in  2Q24-T8S1  aluminum,  the  Tt-6AI-4V  titanium  (annealed)  and  the 
300M  steel  (270-300  ksi).  Test  materials  were  3/8  and  1-1/2  inch  thick  for  the 
3/8-inch-diameter  tools  to  provide  both  partial  and  full  engagement  of  the  mandrel  tap*.  % 
Test  material  was  2  to  2-1/2  inches  thick  for  the  3/4-inch-diameter  tools  to  assuu  full 
engagement. 

The  coldworking  was  performed  with  the  test  material  and  a  standard  pull  gun 
mounted  in  a  Tlnius-Olsen  tensile/ compression  test  machine  (for  aluminum  and  titanium). 
The  test  machine  was  used  to  push  the  carbide  push  mandrels  for  steel.  A  minimum  of  five 
holes  was  coldworked  per  condition  to  assess  seatter.  Pull  forces  were  recorded  for  the 
different  materials,  thicknesses,  mandrel  taper  angles,  and  hole/mandrel  interferences. 
Coldworked  holes  were  measured  for  surface  upsetting,  hole  profile,  and  retained  expansion. 
Cold  working  sleeves  were  measured  for  thinout.  Analysis  of  these  data  resulted  in  selection 
of  a  preferred  mandrel  taper  angle  for  each  metal. 

1)  Test  materials 

a)  3/8-indt-diumeter  tests 

i)  3/8-ineh-thiek  2024-T85 1  aluminum 

ii)  l-l/2-inch-thiek  2024-T85I  aluminum 
itt)  3/S-inch-tliick  TK>A14V  annealed 
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iv)  1-1/2-inch-thick  Ti-6A1-4V  annealed 


v)  3/8-inch-thick  300M  steel  (270-300  ksi) 

vi)  1-1  /2-inch-thick  300M  steel  (270-300  ksi) 
b)  3/4-inch-diameter  tests 

i)  2-1 /2-inch-thick  2024-T851  aluminum 

ii)  2-1 /2-inch-thick  Ti-6A1-4V  annealed 

iii)  2- 1  /2-inch-thick  300M  steel  ( 270-300  ksi) 

2)  Test  mandrels 

a)  Aluminum  and  titanium  tests  (H-l  1  steel,  nitridcd,  pull  design) 

b)  Steel  tests  (883  carbide,  push  design) 

3)  Test  sleeves 

a)  Aluminum  tests 

i)  3/8-inch-nominal  diameter,  axial  split,  0.010  inch  thick,  1-1/2  inch 
long,  301  stainless.  1/2  hard,  internal  Fel  Pro  300  lubricant 

ii)  3/4-inch-nominal  diameter,  axial  split,  0.01  S  inch  thick.  1-1/2  inch 
long,  301  stainless,  1/2  hard,  internal  Fel  Pro  300  lubricant 

b)  Titanium  and  steel  tests 

i)  3/8-inch  diamoter-us  above,  except  full  hard 

ii)  3/4-inch  diameter  -as  above,  except  full  hard 

4)  Test  values 

a)  Mandrel  hole  interferences  (nominal) 

i)  3/8-inch  diameter  >0.009, 0.01 2,  and  0.0 1 9  inch 

ii)  3/4-inch  diameter -0.022, 0.026,  and  0.032  inch 
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b)  Mandrel  tapers 

i)  3/8-inch  diameter  0.01 5.  0.030.  and  0.045  inch/inch  on  diameter 

ii)  3/4-inch  diameter  0.020.  0.030.  and  0.045  inch/inch  on  diameter 


b.  Task  2  -Optimum  Mandrel/Hole  interference 


In  this  task,  mandrels  with  optimum  taper  angles,  based  on  task  l  tests,  were 
utilized  to  eoldwork  fatigue  coupons.  The  coupons  used  lor  testing  are  shown  in  figures  2 
and  3  and  were  a  /.ero-load-transfer  type  with  two  open  holes.  Fatigue  coupon  designs  were 
coordinated  with  those  used  in  the  McDonnell  Aircraft  Company  program,  “Precision  Hole 
(ienerution  Methods.”  (contract  AF33M5-7J-C-1548).  These  coupons  were  tested  on  the 
equipment  shown  in  figures  4  and  5.  Loads  were  selected  on  the  basis  of  past  testing 
experience  to  provide  approximately  100.000  cycles  to  failure.  Primary  test  variable  was 
mandrel  hole  interference  values;  four  different  interference  values  were  used  for  each  hole 
diameter  t3'b-  and  3 '4-inch  diameter).  Selection  of  these  values  was  based  on  prior  test 
experience. 
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All  fatigue  test  coupons  were  shot  peened  prior  to  coldworking  the  holes  to 
ensure  that  fatigue  testing  measured  hole  performance  rather  than  non-associated  surface 
problems.  Coupons  were  tested  with  tension-tension  loading  to  a  stress  ratio  of +0.1: 
stresses  for  loading  were  based  on  net  areas.  Only  three  coupons  per  condition  were  tested, 
unless  scatter  of  results  dictated  the  need  for  additional  quantities. 

Selection  of  optimum  lioie -mandrel  interference  values  was  based  jointly  on 
fatigue  performance  and  an  assessment  of  surface  upsetting  and  operational  forces  required. 

h  Test  coupons 

a)  3/8-iiwh-diamoter  holes 

i)  14-ineh-thkk  2024-TkS 1  aluminum  per  figure  2 

ii)  l  -4-iuelwhick  Ti-bAMV  annealed  per  figure  2 

iii»  I  ‘4-ineU- thick  300M  steel  (270-300  ksi)  per  figure  2 
b!  3  4-mch-diameter  holes 

i)  3/S-inch-thick  2024-T85 1  aluminum  per  figure  3 

ii)  3/8-incli-thick  TK*Al4V  annealed  per  figure  3 

iii)  3  8-ineh-thiek  300M  steel  (270*300  ksi )  per  figure  3 
2 1  Test  mandrels  tas  specified  for  task  l ) 


> 


3)  Test  sleeves  (as  specified  for  task  i ) 


4)  Test  values 

a)  Mandrel  taper  (as  selected  in  task  l) 

b)  Hole/maiulrel  interference 

i)  3/S-inclt-noniinal'diaineler  holes 

2024-TN5 1  aluminum  0.010.  0.015.  0.020.  and  0.02S  inch 
Ti-(v\l-4V  titanium  0.010.  0.015,  0.020.  and  0.025  inch 
300M  steel  0.0U).  0.01 5.  0.020.  and  0.025  inch 

ii  >  3/4-inch-nominal-diamctcr  holes 

2024- 1  *5 1  aluminum  0.025. 0.030. 0.035.  and  0.040  inch 
Ti-(>AI-4V  titanium  0.025.  0.030. 0.035.  and  0.040  inch 
300.M  steel  0.020. 0.025. 0.030.  and  0.035  inch 

ct  Miscellaneous  parameters 

i)  Sleeve-split  orientation  on  coupon  axis  for  all  holes 

ii)  Holes  reamed  to  coldwork  dimension  prior  to  coldworking 

iii  i  Initial  hole  sizes  selected  to  allow  approximately  0.01 0-inch  ream  (on 

diameter)  to  nominal  hole  size  after  cold  work  mg 

c.  Task  i  lHill  Mandrel  for  High  Strength  Steel 

I  he  radial  compression  forces  involved  in  coldworking  holes  in  270-300  ksi  steel 
to  high-expansion  values  have  been  estimated  to  lx?  in  the  order  of  500  ksi.  This  radial 
loading  phis  tensile  or  compressive  axial  loading  to  puil  or  push  a  mandrel  through  a  hole 
creates  a  biaxial  loading  situation  that  is  extremely  rigorous.  Tor  270-300  ksi  steel,  limited, 
previously  conducted  tests  had  not  uncovered  any  combinations  of  material  and  design  that 
would  allow  use  of  a  pull-type  mandrel  without  catastrophic  mandrel  failure.  Existing 
techniques  required  use  of  a  carbide,  push-typo  mandrel.  A  pull-type  mandrel.  however,  was 
extremely  desirable  since  it  would  be  more  amenable  to  assembly  operations.  The  push-type 
mandrel  requires  one  of  the  following:  1 1 )  access  for  a  squeeze  yoke.  (2)  suitable 
attachment  for  thrust  equipment,  or  (3)  disassembly  capability  for  press  operations. 


The  intent  of  this  task  was  to  conduct  tests  with  specific  mandrel  materials  that 
had  not  been  tested  before  and  which  appeared  to  have  some  potential  for  this  type  of 
operation.  In  addition,  hole/mandrel  interference  values  were  varied  starting  at  a  low  value 
to  determine  if  there  is  an  upper  limit  for  this  type  of  operation  which  is  below  the 
optimum  fatigue  value  defined  with  carbide  mandrels  in  task  2.  Test  criteria  were  based  on 
mandrel  failure,  mandrel  diameter  retention,  and  tetained  hole  expansion  observations. 

I  >  Test  material 

a  1  I -inch-thick  300M  steel  <  270-200  ksi ) 

b  l  2-i  nch-t  hick  300M  steel  ( 270-300  ksi ) 

2 )  Test  mandrels 

at  AfcSI  ‘)2<>0  threaded  pull  type 
* 

hi  Vascojet  MA  threaded  pull  type 
ct  M42HSS  threaded  pull  type 
3 1  lest  sleeves 

a)  .Ts-inch-nominal  diameter.  O.UIO-meh  wall,  axial  split.  301  stainless,  full 
hard 

hi  3  4-ineh-mmunal  diameter.  0.01 5-melt  wall,  axial  split.  301  stainless,  full 
turd 

4)  Hote/mar  drei  interference 

at  3/S-inelHHMnirwl  diameter,  start  at  0  005  inch  and  proceed  in  0.005  inch 
increments  to  optimum  value  defined  in  task  2 

ht  3:f44nch*nominal  diameter:  start  at  0010  inch  and  proceed  in  0.005  inch 
increments  to  optimum  value  defined  in  task  2. 

d  Task  4  Physical  Effects  and  Kemaimug  Mandrel  Sleeve  Parameters 

this  task  included  definition  of: 

It  Impact  of  sleeve  voidworking  to  optimum  values  upon  (tart  growth,  distortion, 
edge  bulging  and  center  line  shifting  as  uffeeted  by  edge  margin,  hole  spacing, 
jtulor  countersink 


2»  U fleet  of  pari  tajvr  u|ton  centerline  dulling  and  retained  expansion 


3)  Subsequent  diameter  ereep  relative  to  ultimate  fastener  fits 

4)  Optimized  callouts  for: 

a)  Sleeve-split  geometry 

b)  Sleeve  lubricant 

e)  Mandrel 

Test  utilized  growth,  distortion,  edge  bulge,  centerline  shift,  and  diameter-creep 
measurements  of  coldworked  specimens  and  holes  to  define  general  parameters  for  growth 
and  distortion,  application,  and  projected  fastener  fits.  Measurements  of  pull  forces  in 
conjunction  with  a  general  analysis  of  operational  factors  defined  the  optimum  sleeve-split 
configuration,  sleeve  lubricant,  and  mandrel  finish. 

It  should  be  noted  that  the  lubrication  tests  were  relatively  limited  in  lubricants 
being  tested,  only  because  a  significant  number  of  selected  lubricants  were  already  tested  by 
the  contractor  in  the  original  development  of  the  process.  Comparative  data  on  the 
previously  tested  lubricants  are  included  in  this  report. 

1 )  Test  materials 

a)  Growth,  distortion,  edge  bulge  parameters 

i)  3/8-inch-diameter  holes 

-  3/8-  x  1-1/3-  x  1 5-inch  2024-T85 1 .  Ti-6AI-4V,  and  300M 

-  3/8-  x  I  - 1  /8-  x  1 5-inch  2024-T85 1 ,  Ti-6AI-4V,  and  300M 

-  3/4-  x  i-l  /2-  x  1 5-inch  2024-T85 ! .  Ti-6Al-4 V.  and  300M  (tapered 
2°  and  4°) 

ii)  3/4-inch  diameter  holes 

-  3/4-  x  3-  x  1 5-inch  2024-T85 1 ,  Ti-6A1-4V.  and  300M 

-  3/4-  x  2- 1  /4-  x  1 5-inch  2024-T85 1 .  Ti-6AI4V.  and  300M 

b)  Sleeve/mandrel  parameters 

i)  3/8-inch-thick  2024-T85 1 .  Ti-6A!-4V,  and  300M 

2)  Test  mandrels 


a)  As  defined  in  previous  tasks 


b)  As  defined  in  previous  tasks,  but  vapor  blasted 
3)  Test  sleeves 

a)  3/8-inch-nominal  diameter,  0.010-inch  wall,  301  stainless,  1/2  hard,  axial 
split,  Fel  Pro  300  lubricant 
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b)  3/4-inch-nominal  diameter,  0.015-inch  wall,  301  stainless,  1/2  hard,  axial 
split,  Fcl  Pro  300  lubricant 

c)  As  in  a),  but  full  hard 

d)  As  in  b),  but  full  hard 

e)  As  in  a),  but  lubricated  with  Dow  Molyeote  “G” 

0  As  in  a),  but  lubricated  with  Lifelubc  LLC-30 

g)  As  in  a),  but  lubricated  with  Lifelubc  LLC-36 

h)  As  in  a),  but  with  helical  split 

i)  As  in  a),  but  with  scarfed  axial  split 

c.  Task  5-Multimaterial  Stack  Parameters 


The  intent  of  this  task  was  to  define  the  parameters  or  techniques  required  to 
sleeve  eoldwork  fastener  holes  in  assembly  stacks  of  combination  materials  such  us  titanium 
and  aluminum.  Primary  criteria  for  assessment  of  process  were  analysis  of  retained  hole 
expansion,  sleeve  removal  characteristics,  and  postsizing  dimensions. 


I )  Test  materials 


a )  1  /4*  x  1 2*  x  1 2-inch  Ti-bAI-4  V 

I  -  x  1 2-  x  12-inch  2024-T85I 
1/4- x  12-x  1 2-inch  Ti-6At-4V 


Stack 


b)  1/4- x  12-x  1 2-inch  2Q24-T85 1 
1/4- x  12-x  1 2-inch TI-6A1-4V 
1/4- x  12-x  12-inch  2024-T85I 


Stuck 


2)  Test  mandrels  fas  defined  in  previous  tasks) 

3)  Test  sleeves 

a)  3/8-lnch-noinlnal  diameter,  0.01 0-inch  wall,  axial  split.  30)  stainless,  full 
hard,  Fel  Pro  300  lubricant 


f.  Task  6 -Postsizing  Parameters 

The  intent  of  this  task  was  to  define  and  verify  both  the  methods  and  quantities 
required  to  reliably  assure  cleanup  of  as-coldworked  holes  to  a  consistent,  precise  diameter. 
The  primary  method  evaluated  was  reaming;  broaching  was  included  for  aluminum  sizing. 
The  slight  bellmouthing  of  the  hole  created  by  the  coldworking  operation  plus  the  slight 
ridge  from  the  sleeve  created  a  potential  tool  misalignment  problem  relative  to  defining 
minimum  quantities  required  for  cleanup.  The  tests  involved  use  of  coldworkcd  specimens 
from  previous  tasks  to  define  minimum  quantities  required  to  assure  cleanup  of  the  hole 
profile. 


g.  Task  7-Portable  Equipment  Definition 

This  task  primarily  involved  documentation  of  test  work,  knowledge,  and 
experience  that  already  existed  in  the  design  and  use  of  in-line  and  offset  pulling  guns, 
associated  sleeve  containment  nosepieces,  and  special  portable  power  sources. 

h.  Task  8-Inspection  Methods  Definition 

This  task  involved  defining  an  inspection  system  that  would  provide  adequate 
assurance  to  the  user  that  proper  performance  results  would  be  achieved. 


2.  PHASE  II;  APPLICATION  AND  PERFORMANCE  PARAMETERS 


In  this  phase,  the  relative  effects  of  process  and  application  parameters  upon 
performance  were  defined.  The  primary  mode  of  evaluation  was  constant  amplitude  fatigue 
testing  supplemented  by  some  stress  corrosion  testing,  edge  strain  testing,  and  analysis  of 
photostress  specimens.  This  phase  consisted  of  five  tasks.  The  last  task  consisted  of  compara¬ 
tive  cost  and  performance  analyses  relative  to  other  fatigue-rated  hole/fastener  systems. 


Most  of  the  fatigue  testing  was  conducted  on  the  Amsler  Vibraphorc  fatigue  test 
machines  shown  in  figures  4  and  5.  However.  Riehte-Los  hydraulic  fatigue  test  machines, 
similar  to  figured,  were  used  on  the  low-load-transfer  and  the  high-load-transfer  specimens 
to  avoid  specimen  heating  with  its  lower  frequency  capability.  In  addition,  mienrtu  shims 
were  used  in  some  of  the  high-load-transfer  specimens  to  avoid  premature  failures  from 
interface  fretting.  Other  basic  parameters  used  in  the  fatigue  testing  program  follow; 


1 )  All  comparisons  and  testing  were  based  on  net  area  calculated  stress. 

2)  All  coupons  were  shot  pccncd  to  assure  performance  measurement  of  hole 
treatment. 

3)  Primary  process  and  application  parameter  testing  used  zcro-load-lransfcr  type 
specimens  with  both  open  and  filled  holes. 


4)  An  S-N  curve  was  produced  for  base  metal,  standard  open  hole,  eoldworked  open 
holes,  standard  hole  with  straight  shank  fastener,  tapered  hole  with  tapered 
fastener,  and  eoldworked  hole  with  straight  shank  fastener  in: 

a)  300M  steel 

b)  Ti-6A1-4V  annealed  titanium 

c)  2024-T851  aluminum 

5)  S-N  curves  were  based  on  use  of  four  selected  test  stresses. 

6)  All  other  process  and  application  performance  parameter  testing  utilized  selected 
singular  test  stresses  to  provide  comparison  ratio  indicators. 

7}  Limited  range  S-N  curves  were  extrapolated  on  the  basis  of  the  singular  stress  tests 
and  related  family  S-N  curves  generated  in  the  program, 

8)  Net  stress  values  for  singular  stress  tests  were  selected  to  provide  approximately 
100,000  cycles  to  failure  for  a  “mean”  condition  and  then  utilized  for  all  tests 
within  an  alloy  series  to  allow  direct  comparisons. 

9)  Fatigue  test  loading  was  constant  amplitude,  tension-tension  to  a  stress  ratio 
of +0.1. 

10)  All  filled  holes  used  equivalent  fastener  torque. 

1 1 )  Fach  test  condition  used  three  fatigue  test  coupons;  more  were  used  only  if  good 
grouping  of  test  results  did  not  occur. 

12)  All  fasteners  in  the  aluminum  and  titanium  were  cadmium-plated  titanium; 
fasteners  in  the  steel  coupons  were  cadmium-plated  steel. 

13)  Unless  otherwise  noted,  axial  split  in  sleeves  were  in  lino  with  coupon  axis. 

14)  Unless  otherwise  noted,  alt  coupons  with  holes  had  2D  edge  margins  and  4D  hole 
spacings. 

15)  Primary  coldworking  method  for  tests  in  the  300M  steel  used  the  carbide  push 
mandrel;  comparative  performance  tests  with  the  pull/sleovo  process  were  also 
conducted. 

u.  Task  I  -Base  Metal  Fatigue  Values 

The  purpose  of  this  task  was  definition  of  tire  fatigue  performance  for  tire  base 
metal  being  used  in  this  program.  Base  metal  values  were  considered  necessary  to  allow 


comparisons  of  improvements  achieved  with  coupons  that  had  holes  in  them  (and  associated 
stress  concentrations).  These  tests  provided  assurance  that  “real  world”  base  metal  values 
were  obtained  for  the  specific  heats  of  metal  being  tested  in  the  program  because  metal 
thickness,  coupon  fabrication,  coupon  design,  and  coupon  test  methods  can  create 
significant  differences  from  handbook  values.  The  coupons  used  were  without  holes  in  the 
test  area  but  were  otherwise  equivalent  to  that  shown  in  figure  2. 

1 )  S-N  test  materials 

a)  300M  (270-300  ksi)  steel 

b)  T1-6A1-4V  annealed  tiianium 

c)  2024-T851  aluminum 

2)  Single  stress  comparison  materials 

a)  Ti-6Al-4V  STA  and  STOA  titanium 

b)  Ti-6Al-6V-2Sn  annealed  STA  and  STOA  titanium 

c)  71 75-T736  aluminum 

b.  Task  2-Basic  Open-Hole  Fatigue  Values 

In  this  task,  a  series  of  fatigue  tests  was  conducted  to  establish  basic  and 
comparative  performance  parameters  for  stundard  straight  holes  and  sleeve  coldworked 
holes  using  the  optimized  techniques  defined  in  phase  I.  Alt  coldworked  holes  were  reamed 
prior  to  coldworking.  All  tests  used  the  3/8-inch-diameter  hole,  zero-load-transfer  coupon 
shown  in  figure  2.  These  tests  are  outlined  for  all  alloys  and  heat  treats  as  follows: 

1 )  3QQM  and  T1-6A1-4V  annealed 

a)  Single  stress  comparison  test  of  honed  open  holes  to  verify  compatibility  of 
McDonnell  and  Boeing  results 

2)  300M,  Ti-6At-4V  annealed  and  2024-T8S I 

a)  S-N  tost  of  standard,  reamed,  open  holes 

b)  S-N  test  of  optimum  sleeve  coldworked  and  postreamed  open  holes 

c)  Single  stress  comparison  tost  of  "as-eoldworked"  open  holes 

3)  A|l  other  alloys  and  heal  treats 

a)  Single  stress  comparison  of  standard,  reamed,  open  Holes 


b)  Single  stress  comparison  of  optimum  sleeve  coldworked  and  postreamed 
open  holes 

c.  Task  3-Basic  Filled-Hole  Fatigue  Values 

The  intent  of  this  task  was  to  obtain  basic  and  comparative  fatigue  performance 
for  standard,  reamed,  straight  holes  with  a  net-fit  fastener  installed;  tapered  holes  with 
tapered  fasteners;  and  optimum  coldworked  and  postreamed  straight  holes  with  net-fit 
fasteners.  Ail  tests  in  this  series  used  the  3/8-inch-diameter  hole,  zero-load-*ransfer  coupon 
shown  in  figure  2.  Both  flush  and  protruding  head  tapered  fasteners  were  included  for  later 
process  and  system  comparisons. 

1 )  Ti-6Al-4V  annealed  and  2024-T85 1 

a)  S-N  tests  of  protruding  head  Taperloks 

b)  Single  stress  comparison  test  of  !  00°  flush  head  Taperloks 

2 )  300M.  Ti-6A1-4V  annealed  and  2024-T85 1 

a )  S-N  tests  of  standard,  reamed  holes  with  net-fit.  protruding  head  Hi-Loks 

b)  S-N  tests  of  sleeve  coldworked  and  postreamed  holes  with  net-fit.  protruding 
head  Hi-Loks 

3)  All  other  alloys  and  heattreats 

a)  Single  stress  comparison  test  of  standard,  reamed  holes  with  net-fit. 
protruding  head  Hi-Loks 

b)  Single  stress  comparison  test  of  sleeve  coldworked  and  postreamed  holes 
with  net-fit,  protruding  head  Hi-Loks 

d.  Tusk  4  - Application  and  Process  Parameter  Effects 

This  task  contained  many  different  tests  and  types  of  test  coupons  to  provide 
answers  for  the  effects  of  process  and  application  parameters,  Unless  otherwise  noted  all 
holes  were  sleeve  coldworked  and  postreamed  approximately  0,010  Inch  on  the  diameter. 
Luclt  particular  process  or  application  parameter  tested  is  delineated  in  each  test  description. 
All  fatigue  tests  in  this  tusk  utilized  the  single-stress  comparison  test  method.  Only  the 
baseline  materials  used  for  primary  comparisons  (3O0M,  Ti-6Al*4V  untreated,  2024-T8S I ) 
were  included. 

1 )  /ero-load-transfer  fatigue  coupon  per  figure  2 

a)  3COM 

i)  Filled  holes  coldworked  with  pull-type  steel  mandrels  with  sleeves  using 
(Fund  00“ split  orientations 
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b)  T1-6A1-4V  and  2024-T85 1 

i)  Open  holes  with  90°  orientation  of  axial  split  in  sleeve  during 
coldworking 

c)  3COM,  Ti-6A1-4V  annealed  and  2024-T85 1 

i)  Open  holes  abusively  drilled  prior  to  sleeve  coldworking 

ii)  One  of  two  open  holes  scored  after  sleeve  coldworking  and  postreaming 

iii)  Filled  holes  that  were  precracked  in  fatigue  prior  to  sleeve  coldworking 

iv)  Filled  holes  that  were  fatigue  cycled  prior  to  sleeve  coldworking 

v)  Open  holes  with  subsequent  sizing  or  postreaming  of  1/64,  1/32,  and 
1/16  inch  (on  diameter)  after  sleeve  coldworking 

vi)  Open  holes  sleeve  coldworked  in  thin  (0.060  inch)  material 

vii)  Open  holes  sleeve  coldworked  with  helical  sleeve 

viii)  Filled  holes  with  0.002-inch  clearance  and  0.002-ineh.  interference-fit 
Hi-Loks;  holes  sleeve  coldworked 

ix)  Filled  holes  with  net-fit,  1 00°  head  Hi-Loks  in  holes  sleeve  eoldworked 
prior  to  and  after  countersinking 

x)  Filled  holes  with  net-fit.  70®  head  Hi-Loks  (70®  csk)  in  holes  sleeve 
coldworked  prior  to  countersinking 

xi)  Filled  as-reamed  hole  adjacent  to  sleeve  coldworked  hole  (use  standard 
filled-hole  tests  as  baseline) 

2)  Zero-load-trunsfer  fatigue  coupon  per  figure  7 
a)  300M,  Ti-6AI*4V,  and  2024-T8S1 

i)  Open-hole  edge  margin  tests  with  sleeve  coldworked  holes  and  nominal 
edge  margins  of  l-l  /2t>.  2D.  and  2-1 1  ID. 

ii)  Open  hole  tests  with  sleeve  coldworked  holes  and  nominal  hole  spaeings 
013D.4D.  and  SD 


3)  Low-load-transfer  fatigue  coupon  per  figure  8 

a)  2024-T85 1  /2024-T85 1 

i)  Filled  holes  with  net-fit,  protruding  head  Hi-Loks  in  sleeve  coldworked 
and  postreamed  holes.  Holes  drilled,  reamed,  coldworked,  reamed  and 
filled  one  at  a  time  to  evaluate  low  load  transfer  and  provide  baseline 
for  differential  growth  test  comparison. 

ii)  Filled  holes  with  net-fit,  protruding  head  Hi-Loks  in  sleeve  coldworked 
and  postreamed  holes.  Holes  generated  and  filled  with  production- type 
process,  i.o.,  produce,  eoldwork  and  fill  end  holes  and  centei'  hole  first 
then  produce,  eoldwork  and  fill  all  remaining  holes. 

iii)  As  in  d.3)alii)  above,  but  holes  not  postreamed 

b)  Ti-6  A1-4V  /Ti-6  AI-4  V 

i)  As  in  d. 3  la )ii)  above 

ii)  As  in  d.3)a)iii)  above 

c)  T1-6AI-4V/ 2Q24-T85 1 

i)  As  in  d.3)a>ii)  above 

4)  Zero-load- transfer  fatigue  coupon  per  figure  9 

a  I  Ti-6  A 1-4  V  and  2024-T85I 

i)  Filled  holes  with  net-fit.  protruding  head  Hi-Loks  in  sleeve  coldworked 
and  postreamed  holes 

5)  Uigh-load-transfer  fatigue  coupon  per  figure  10 
a)  3O0M,  Ti-(»AI-4V  annealed  and  2024-T85I 

i)  Filled  hole;:  with  net-fit  protruding  head  Hi-Loks  in  reamed  only  holes, 
Baseline  for  comparison.  Run  with  mleurtu  shims. 

ii)  Filled  holes  with  net-fit.  protruding  head  and  100*  head  Hi-Loks  in 
sleeve  eoldworked  and  postreamed  holes.  The  purpose  was  to  assess 
effect  of  loud  transfer  on  coldworked  ho'.-;  performance.  Run  with 
micurtu  interface  shims. 

UH  Filled  holes  with  0.002-hch  clearance  and  0.002-incit  Interference-fit 
Hi-Lok  fasteners  (separate  tests)  in  sleeve  coldworked  and  postreamed 


holes  to  assess  ti.  effect  of  fastener  fit  in  eoldworked  holes  under 
high-load*transfer  conditions.  Run  with  micarta  shims. 

iv)  Filled  holes  with  protruding-head  and  100°  flush  head  Taperloks 
(separate  tests)  in  taper-reamed  holes  to  obtain  comparative  perfor¬ 
mance  values.  Run  with  mk  rta  shims. 

v)  Filled  holes  with  net-fit,  protruding  head  Hi-Loks  in  sleeve  eoldworked 
and  postreamed  holes.  Fatigue  tests  to  be  run  without  interface  shims 
and  two  surface  conditions:  surface  upset  remaining  and  removed. 

6)  Stress  corrosion  testing  with  coupon  per  figure  1 1 

Only  the  300M  was  investigated  with  regard  to  the  potential  effect  of  sleeve 
coldworking  on  stress  corrosion  characteristics.  This  approach  was  based  on  the 
contractor’s  extensive  stress  corrosion  testing  experience.  Previous  tests  with 
eoldworked  holes  in  2024-T3  and  7Q75-T6  aluminum  have  never  produced  any 
stress  corrosion  cracking,  even  when  short  transverse  grains  have  been  favorably 
exposed.  The  titanium  alloys  were  not  included  since  they  are  insensitive  to 
low-temperature  stress  corrosion  cracking.  The  steel  stress  corrosion  specimen 
shown  in  figure  11  has  hole  edge  margins  of  2.0-  and  1.6-inch  diameters;  this 
produced  residual  tensile  prestresses  at  the  specimen  edge  of  approximately  90  ksi 
and  160  ksi  when  the  holes  were  eoldworked.  The  specimens  were  immersed  in 
3*1/2%  salt-water  bath  every  hour  and  then  exposed  to  laboratory  air.  Specimens 
were  checked  for  evidence  of  stress  corrosion  cracking  daily  with  the  test 
terminated  at  approximately  1000  hours  of  exposure. 

7)  Edge  strain  testing  with  coupon  per  figure  1 2 

The  edge  strain  tests  were  intended  to  produce  supplementary  data  to  help 
explain  specific  fatigue  test  results.  In  this  test  the  coupons  were  strain  gaged  ut 
the  edge  of  each  coupon  adjacent  to  one  of  two  axially  aligned  holes  and  at  the 
edge  <*f  each  coupon  in  between  the  two  holes.  Bach  coupon  was  first  tensile 
loaded  to  produce  a  graph  of  load  versus  strain.  Bach  coupon  was  then  unloaded 
and  sleeve  eoldworked  while  unloaded.  The  tensile  strain  at  each  coupon  edge, 
induced  by  the  sleeve  coldworking,  was  then  measured.  The  true  strain  ut  the  edge 
wus  then  measured  by  tensile  loading  the  coupon  as  before  and  recording  load 
versus  strain.  This  was  repeated  after  postreuming;  a  filled  hole  was  also  included 
for  tlw  aluminum. 

8)  Miotostress  testing 

IHiotostress  coupons  (plain  plates)  were  fabricated  with  various  conditions  of 
hole  spacing,  edge  margins,  countendnk/coldwork  sequence,  adjacent  noncold* 
worked  holes  and  postreaming  amounts,  lliotostress  patterns  were  recorded  and 
analyzed  for  both  entry'  and  exit  side*. 
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e.  Task  5 -Cost  and  Performance  Evaluation 

This  task  involved  analyzing  the  accumulated  data  and  summarizing  it  for 
comparative  performance  with  the  baseline  tapered  fastener  system.  It  also  involved  cost 
comparison  evaluations  of  the  sleeve  coldworking  system  with  the  tapered  fastener  system 
and  other  established  fatigue-rated  hole/fastener  systems. 


) 


\ 


SECTION  IV 


PHASE  I:  PROCESS  PARAMETERS-DETAIL  RESULTS  AND  DISCUSSION 


This  section  comprises  the  detailed  results  and  associated  discussions  for  each  task  in 
phase  1. 

Test  reports  for  the  basic  material  properties  of  the  2024-T851  aluminum,  the 
Ti-6Al-4V  titanium,  and  the  300M  steel  used  in  this  program  are  contained  in  volume  II  of 
this  report.  Data  sheets  with  detailed  test  descriptions  and  test  results  for  all  tests  in  both 
phase  I  and  phase  II  are  also  contained  in  volume  II.  Because  of  the  large  number  of  figures 
contained  in  this  report,  they  have  been  placed  in  one  group  at  the  end  of  the  text.  •, 


1.  PHASE  I:  TASK  1 -OPTIMUM  MANDREL  TAPER  ANGLE 

a.  Taper  Angle 

The  primary  factor  used  to  define  the  best  taper  angle  for  coldworking  mandrels 
was  the  force  required  to  either  pull  or  push  the  mandrel  through  a  hole  with  various 
interferences  in  the  materials  of  concern.  Additional  factors  considered  were  variations 
produced  in  sleeve  thinout.  hole  profile,  and  surface  upsetting.  Test  plates,  test  setup,  tools, 
sleeves,  and  equipment  are  shown  in  figures  13  through  16.  A  surfanalyzer  for  measuring 
surface  upset  is  shown  in  figure  17. 

In  all  materials,  the  steeper  taper  angles  produced  the  lowest  forces,  with  the 
largest  differences  noted  at  the  higher  interferences.  The  degree  of  sleeve  thinout.  hole  radial 
variation  (profile),  and  surface  upsetting  was  not  significantly  affected  by  variations  in 
mandrel  taper  angle.  It  should  be  noted  that  the  scatter  in  pull  force  results  was  relatively 
low  when  coldworking  the  aluminum,  but  increased  in  the  higher  strength  materials  and 
higher  interferences  especially  with  the  lower  taper  angles.  As  u  result  of  these  tests,  the 
0.045  inch/inch  taper  angle  was  initially  selected  us  the  optimum  mundrel  taper  angle  for 
coldworking  mandrels  for  use  in  alt  materials.  Taper  angle  selection  for  carbide  mandrels  to 
coldwork  270*300  ksi  steel  is  further  covered  in  the  phase  II.  task  2  discussion  (section  V). 

Pull  forces  for  varying  taper  angles,  varying  diameters,  varying  interferences  and 
varying  material  stack  thicknesses  are  shown  in  figures  18.  19.  and  20  for  2024*1*851 
aluminum :  in  figures  21.  22.  and  23  for  annealed  Ti*6AI4V  titanium,  and  in  figures  24.  25, 
26.  and  27  for  270*300  ksi  300M  steel. 

b.  PuU/Pusli  Force  Requirements 

All  aluminum  und  titanium  taper  angle  tests  utilized  steel  pull-type  mandrels; 
push-type  carbide  mandrels  were  used  in  the  high-strength  (270*300  ksi)  steel.  Axial-split, 
half-hard  301  stainless  steel  sleeves  were  used  for  the  aluminum  material,  and  axial-split. 
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full-hard  301  stainless  steel  sleeves  were  used  for  the  titanium  and  steel  materials.  All  sleeves 
were  internally  prelubrieated  with  a  baked-on  Fel  Pro  300  dry  lubricant.  The  primary 
testing  in  the  steel  was  done  without  sleeves  and  with  Fel  Pro  300  baked  directly  in  the 
holes.  Push  force  and  retained  expansion  comparison  tests  with  sleeves  were  also  conducted 
in  this  task;  further  tests  with  pull-type  mandrels  are  reported  in  phase  1,  task  3. 

Measured  maximum  pull  or  push  force  requirements  for  the  diameters  and  stacks 
tested  are  shown  in  figure  27  for  all  three  basic  materials.  Forces  also  proved  to  be 
dependent  on  stack  thickness.  With  the  larger  diameter  holes,  forces  increase  with  stack 
thickness  and  reach  a  plateau  when  full-taper  engagement  thickness  is  reached;  forces 
increase  beyond  this  point  with  increasing  stack  thickness  in  the  smaller  diameters  (when 
using  a  sleeve).  It  is  believed  that  this  is  a  result  of  the  thinner  walled  sleeves  used  in  smaller 
diameter  holes  being  axially  compressed  during  coldworking,  thus  providing  a  braking  action 
on  the  shank  of  the  mandrel.  Effect  of  stack  thickness  on  forces  is  shown  in  figure  28  and 
projected  force  requirements  for  various  hole  diameters  as  influenced  by  stack  thickness  are 
shown  in  figure  29  for  aluminum,  titanium,  and  steel.  Selection  of  equipment  based  on 
these  plots  should  allow  for  some  process  and  equipment  variation.  It  should  also  be  noted 
that  these  force  requirements  are  for  the  specific  alloys  and  heat  treats  tested;  different 
strength  alloys  or  heat  treats  within  these  alloy  families  may  make  some  difference  in 
requirements. 

The  effect  on  push  forces  using  a  sleeve  versus  no  sleeve  in  the  270-300  ksi  steel  is 
shown  in  figure  30.  As  indicated,  there  is  no  significant  difference  at  the  lower  interferences, 
but  the  forces  ure  significantly  less  without  a  sleeve  at  the  higher  interferences. 

c.  Mandrel  Materials 

The  phusc  I.  task  1.  tests  were  not  basically  intended  to  evaluate  mandrel 
materials,  but  the  testing  did  disclose  some  definite  trends.  That  is.  the  current  Boeing 
standard  H-tl  steel  mandrel  with  a  nitrided  surface  showed  no  undesirable  characteristic 
such  as  excessive  scatter  in  forces,  obvious  wear,  or  swaged  reductions  in  diameter  when 
used  to  prestress  (cold work)  holes  in  aluminum.  However,  when  used  in  the  TI-6AI-4V 
titanium,  the  H-l  1  nitrided  mandrels  suffered  some  initial  loss  in  diameter  in  the  order  of  a 
few  thousandths  of  an  inch.  This  was  not  a  wear  loss  since  it  appeared  to  diminish  to  zero 
after  the  mandrel  apparently  work  hardened  itself  to  a  sufficiently  high  strength. 

For  this  reason,  mandrels  of  A1S1  9260  and  Vascojel  MA  fabricated  for  pull 
mandrel  development  tests  with  270-300  ksi  steel  were  also  used  to  coldwork  holes  in 
titanium,  ‘those  mandrels  proved  to  be  adequate  for  tile  task  and  did  not  suffer  any  toss  in 
diameter.  It  should  be  noted  that  these  mandrels  were  not  nitrided  on  the  surface;  this 
difference  in  surface  treatment  did  not  produce  any  noticeable  difference  in  forces. 
A1SI  9260  and  Vascojet  MA  mandrels  did  not  disclose  any  problems  in  their  fabrication.  As 
a  result  of  this  test  data,  it  appears  advisable  to  change  the  current  mandrel  material  callout 
from  H-l  1  to  either  A1S1 9260  to  Vascojet  MA  or  equivalent  strength  alloys. 

In  coldworking  holes  in  the  270-300  ksi  steel,  the  883  carbide  mandrels  showed  a 
definite  tendency  towards  unpredictable  breakage,  primarily  with  the  higher  interference 


values  and  thicker  stacks.  The  failure  was  not  a  compression  type  of  failure  perse,  but  a 
clean  transverse  rupture  perpendicular  to  the  mandrel  axis.  Some  previous  tests  with  other, 
especially  selected,  higher  transverse  rupture  strength  carbides  (outside  the  confines  of  this 
program)  did  not  disclose  this  transverse  rupture  problem  at  similar  interferences.  Test  work 
in  coldworking  high-load-transfer  specimens  (3/8-inch  hole  diameter;  0.023-inch  interfer¬ 
ence;  3/4-inch  stack  of  3-1/4-inch  plates)  for  phase  11,  task  4  showed  that  this  condition  was 
extremely  marginal  with  regard  to  breakage  of  the  883  carbide.  It  also  showed  that  the 
transverse  rupture  was  not  totally  a  function  of  differential  radial  pressures  from  the 
high-interferences  alone;  i.c.,  breakage  usually  occurred  only  when  the  push  forces  rose 
significantly  from  lubricant  film  breakdown.  Thus,  the  rupture  was  caused  by  a  resultant  of 
a  biaxial  stress  condition.  Higher  strength  carbides  may  help,  but  lubricant  film  breakdown 
after  one  or  two  holes  at  higher  interferences  in  thicker  stacks  may  be  the  primary  limiting 
factor  in  interference  selection.  Tests  using  a  lower  interference  mandrel  as  a  first  step  did 
not  provide  any  reduction  in  forces  or  lubrication  breakdown  rate  for  the  final  mandrel. 

Results  of  the  pull  mandrel  tests  in  270-300  ksi  steel  holes  will  be  covered  in  the 
task  3  discussion. 

d.  Retained  Expansion 

Knowledge  of  the  amount  of  expansion  retained  after  the  mandrel  is  pulled 
through  the  hole  is  useful  for  defining  reamer  pilot  sizes  or  for  general  quality  control. 

Figure  3 1  is  a  plot  of  the  retained  expansion  versus  the  initial  mandrel/sleeve 
interference  for  3/8-  and  3/4-inch-diameter  holes  in  ail  materials  tested.  The  plot  also 
includes  a  1-1/2-inch-diameter  hole  in  aluminum  from  another  program.  It  is  very  interesting 
to  note  that  the  retained  expansion  versus  initial  interference  is  the  same  for  the  aluminum, 
titanium,  and  270-300  ksi  steel  for  equivalent  efficiency  processes,  even  though  these  metals 
have  significantly  different  yield  strengths  and  elasticity  moduli.  The  smaller  diameters  do 
seem  to  fall  on  a  different  curve  and.  with  the  exception  of  the  aluminum,  did  not  appear  to 
be  stack  dependent.  There  is  a  slight  transition  in  values  between  the  3/8-  and  3/4*inch 
diameters,  but  all  diameters  from  the  transition  upward  fait  on  the  same  litre— as  noted  by 
the  1*1  /2-inch  diameter  hole  data  point.  Tire  maximum  retained  expansion  for  the  task  ? 
puli  mandrel  is  also  shown  and  will  be  discussed  under  task  3.  . 

As  previously  pointed  out,  the  retained  expansion  appears  to  be  equivalent  for  all 
materials  for  equivalent  mumifd/hole  interference  values.  Further  examination  of  test  data 
from  other  programs  indicates  that  this  result  and  the  sweeping  conclusions  that  might  be 
drawn  from  it  may  purely  be  the  result  of  a  circumstantial  combination  of  alloys.  That  is, 
although  the  resuits  derived  were  valid  in  themselves,  they  should  not  be  used  to  indicate 
that  the  same  values  will  be  obtained  for  alt  alloys  within  a  family,  lire  probability  is;  less 
retained  expansion  (greater  springbuck)  wilt  be  encountered  for  alloys  with  higher  yield 
strengths  within  a  fatuity  that  has  an  equivalent  modulus  of  elasticity.  This  variance  will 
probably  be  small,  and  since  the  high-interference,  sleeve  coldworking  process  uses  a 
posisi/ing  operation,  the  variance  will  probably  be  of  no  major  significance.  If  the 
starting-hole  values  recommended  Herein  are  used  (based  on  certain  minimum  values  for 
postshdug  removal),  the  variance  should  not  cause  any  problem. 


Figure  32  is  a  bar  chart  of  retained  expansion  in  the  270-300  ksi  steel  as  a 
function  of  mandrel/sleeve  combinations.  Here  it  is  shown  that  there  is  some  loss  of  retained 
expansion  when  the  carbide  push  mandrel  is  used  with  a  sleeve  versus  no  sleeve,  and 
approximately  a  45%  loss  when  the  pull  mandrel  is  used  with  a  sleeve.  Test  results  in 
phase  11  will  show  that  this  also  results  in  only  a  50%©  gain  in  fatigue  performance  relative  to 
that  achieved  with  the  carbide  mandrel. 

e.  Hole  Finish 

The  effect  of  the  sleeve  coldvorking  process  upon  the  prior  hole  finish  is  shown 
in  figures  33  through  35.  The  data  show  that  coldworking  improves  the  hole  finish  by  a 
factor  of  2  regardless  of  the  starting  finish.  This  fact  is  probably  of  no  significance,  but  has 
been  recorded  for  possible  future  reference. 

f.  Radial  Variation 

Knowledge  of  the  probable  radial  variation  in  a  eoldworked  hole  as  a  function  of 
the  “hourglassed"  hole  profile  from  coldworking  is  useful  in  defining  minimum  chip  loads 
to  assure  full  cleanup  for  final  sizing.  The  maximum  radial  variation  for  all  materials  is 
shown  as  a  function  of  conditions  and  diameters  in  figures  36  through  38.  The  indications 
from  these  plots  are  that  an  increase  in  the  minimum  diameter  in  the  order  of  1/64  inch 
should  provide  both  assurance  of  cleanup  and  a  minimum  practical  chip  toad  for  all 
diameters  of  normal  concern.  Postsizing  requirements  are  further  discussed  under  task  6. 

A  typical  hole  profile  trace  in  aluminum  is  shown  in  figure  39.  litis  trace  was 
produced  with  the  Brush  Surlanuly/er  shown  in  figure  17. 

g.  Surface  Upset 

Surface  upsetting  or  part  thickening  is  inherent  to  the  hole  coldworking  process 
and  is  something  that  must  be  understood  or  contended  with  in  use  or  application  of  the 
process.  Surface  upsetting  occurs  ott  both  the  entrance  and  exit  sides  of  a  hole  and  is  always 
greater  on  the  exit  side.  Upsetting  that  occurs  at  an  interface  is  usually  less  titan  that 
produced  on  a  free  surface,  but  not  always  necessarily  so.  as  shown  herein  by  the  titanium 
data  for  thick  stacks.  Nevertheless,  this  upsetting  (if  not  removed!  will  cause  some  gapping 
of  stacked  details,  although  not  at  the  fastener  holes.  To  date,  this  surface  upsetting  has  not 
shown  any  detrimental  effects  on  fatigue  performance  of  low>load*iransfer  joints  in 
aluminum;  its  effects  in  liigh-load-lransfcr  joints  will  be  covered  in  the  phase  It  discussion. 

Typical  traces  of  hole  axial  profile  and  surface  upsetting  on  entrance,  interface, 
and  exit  surfaces  for  2024-185 1  aluminum.  300M  steel  (270-300  ksi).  and  Ti-OAMV 
annealed  titanium  are  shown  in  figures  40  through  $7.  It  should  be  noted  tlrat  the  scale  is 
higldy  magnified  on  these  traces  for  precision  and  should  be  referred  to  for  proper 
perspective. 

If  results  shown  herein  are  compared,  it  can  be  seen  Hu  t  surface  upset  values  for 
equivalent  interferences  are  greater  for  titanium  and  steel  titan  those  for  aluminum.  Figures 
58  through  65  show  that  subsequent  sizing  will  not  significantly  alter  or  remove  this  upset. 


The  values  for  distance  of  upset  away  from  the  hole  also  give  some-idea  of  the  significant 
size  of  the  zone  that  is  affected  by  the  high-interference,  sleeve  coldworking  process. 
Further  evidence  of  this  is  shown  in  figure  66,  a  laser  holograph  of*  a  hole  as  it  was  being 
eoldworked  in  7075-T6.  This  holograph  was  produced  at  Wright-Patterson  AFB  by  Dr. 
Adams  with  our  support.  The  technique  uses  diffraction  of  a  laser  speckle  pattern  to  show 
strain.  Some  difficulty  was  encountered  in  attempting  to  use  this  technique  because  of  the 
magnitude  of  the  strains  that  occur  during  the  coldworking  process.  Elastic  strain  is  shown 
by  the  fringe  patterns;  plastic  strain  could  not  be  picked  up  and  is  depicted  by  the 
nonfringed  zone  around  the  hole.  Thus,  this  photograph  supports  previous  contentions  that 
a  yielded  zone  (that  goes  into  compression  after  coldworking)  exists  that  is  one  radius  or 
more  away  from  the  edge  of  the  hoie;  in  fact,  it  appears  to  be  more  on  the  order  of  one 
diameter. 

Figure  60  shows  the  effect  of  mandrel  taper  angle  on  surface  upset  amount  in 
Ti-6AI-4V  titanium.  As  can  be  seen,  the  lower  taper  angles  (the  longer  ramps)  produced 
greater  amounts  of  surface  upset.  This  was  not  particularly  evident  in  the  aluminum  test 
data  but  definitely  supports  the  decision  to  use  the  steeper  taper  for  force  reduction  and 
mandrel  length  reduction. 

Figures  ol  and  62  show  that  thickness  of  material  also  affects  the  amount  of 
upset  for  the  same  diameter  and  mandrel/slecve-to-hole  interference.  Upset  is  increased  with 
the  thicker  material.  This  is  in  line  with  the  higher  degree  of  retained  expansion  shown  for 
thicker  material. 

Figure  63  shows  both  free  surface  upset  values,  as  well  as  interface  values,  for  a 
3/4-inch-diameter  hole  in  Ti-6A1-4V.  The  reason  for  the  interface  exit  value  being  the 
highest  is  not  logically  explainable;  nevertheless,  it  did  occur. 

Figure  64  shows  the  general  effect  that  interference  levels  for  coldworking  have 
on  the  amount  of  surface  upset  produced.  It  also  shows  some  effect  of  stack  thicknesses  and 
hole  diameters  for  equivalent  interferences. 

Figure  65  gives  the  upset  values  for  a  3/8-inch-diameter  hole  in  300M  steel 
(270-300  ksi).  These  results  are  approximately  equivalent  to  those  encountered  with 
titanium.  It  should  be  noted  that  all  of  these  results  were  obtained  using  mandrel/ 
sieeve-to-hole  interference  values  that  were  considered  optimum  for  fatigue  performance. 
Changes  in  interference  will  have  a  direct  effect  upon  surface  upset.  Since  the  optimum 
values  for  300M  steel  have  been  adjusted  upwards  from  the  values  shown  in  this  figuie.  the 
upset  values  will  also  be  slightly  higher. 


2.  PHASE  I:  TASK  2-OPTIMUM  EXPANSION 


Figures  2  and  3  fatigue  coupons  were  used  to  evaluate  the  effect  of  four  different 
initial  expansion  values  on  open-hole  fatigue  performance.  Hole  expansion  values  equal  to 
original  process  values,  plus  values  0.005  and  0.010  inch  over  and  0.005  inch  below  the 
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original  process  values  were  generally  approximated  for  the  aluminum  and  titanium  and 
0.005  inch  over  and  0.005  and  0.010  inch  below  for  the  steel.  The  tests  were  not  only 
designed  to  define  optimum  values,  but  also  to  show  any  indication  of  diameter  effect. 

Test  results  for  the  2024-T851  aluminum  are  plotted  in  figure  67.  The  plot  shows  a 
definite  trend  for  improved  fatigue  performance  with  increasing  interference.  What  appears 
to  be  a  difference  in  slope  of  cycle  improvement  with  interference  increase  between  the  small 
and  large  diameters  is  purely  a  function  of  not  using  increases  in  interference  increments 
equivalent  to  the  diameter  ratio.  When  this  is  accomplished,  the  extrapolated  slope  for  the 
3/4-inch-diameter  hole  is  equivalent  to  the  3/8-inch-diameter  hole.  The  fatigue  cycles  also 
show  a  leveling  off  towards  the  upper  end  tested.  As  a  result,  the  maximum  values  were  not 
selected  as  “optimum”  values  since  the  increased  impact  of  the  maximum  interference  upon 
upset,  forces,  and  other  parameters  did  not  appear  to  justify  the  slight  fatigue  improvement. 
Thus,  a  0.019-inch  interference  value  was  selected  as  optimum  for  a  3/8-inch  diameter  and 
0.030  inch  for  the  3/4-inch  diameter.  An  adjusted  plot  of  recommended  coldworking 
interferences  versus  hole  diameters  for  2024-T85 1  aluminum  is  shown  in  figure  68. 

Test  results  from  this  task  for  the  300M  steel  are  shown  in  figure  69.  The  original  plan 
for  the  3/8-inch-diameter  holes  in  the  300M  steel  optimum  expansion  tests  included  values 
for  0.009-,  0.014-,  0.019-,  and  0.024-inch  expansion  or  mandrcl/hole  interference.  The 
values  of  0.021  and  0.023  inch  were  added  when  a  significant  difference  in  performance 
improvement  was  noted  between  the  0.019-  and  0.024-inch  interference  levels  (approxi¬ 
mately  70,000  cycles  versus  200,000  cycles).  The  results  indicate  that  a  minimum  of 
0.023-inch  interference  is  needed  to  gain  this  significant  benefit  with  the  3/8-inch-diameter 
holes. 

The  3/4-inch-diameter  hole  results  for  the  300M  steel  in  figure  69  show  a  basically 
equivalent  performance  for  the  lower  levels  of  interference  to  those  obtained  with  the 
3/8-inch-diameter  hole  specimens.  Thus,  we  can  assume  that  the  base  metal  is  equivalent  for 
the  two  hole  diameters.  However,  the  same  problem  of  using  equivalent  increments  of 
interference  rather  than  double  increments,  which  would  equate  to  the  doubled  diameter, 
exist  here  as  in  the  aluminum  (and  titanium)  tests.  Therefore,  the  improvement  slope  does 
not  appear  to  be  equivalent  for  the  lurger  diameter,  whereas,  extrapolation  based  on  double 
increments  shows  it  to  be  basically  equivalent.  The  projected  optimum  interference  versus 
hole  diameter  curve  that  results  from  this  extrapolation,  however,  has  a  steeper  slope  than 
those  projected  for  the  2024-T851  aluminum. 

This  projected  optimum  interference  curve  is  shown  in  figure  70.  There  is  a  secondary 
curve  shown  on  this  plot.  This  secondary  curve  is  a  projected  probable  practical  limit  for 
interference  that  is  well  below  the  projected  optimum  from  approximately 
5/8-inch-diameter  holes  on  up.  This  secondary  curve  is  based  on  the  breakage  in  carbide 
mandrels  that  has  occurred  above  this  line.  The  breakage  is  a  function  of  the  directly 
increasing,  high  radial  pressures  with  increasing  interference  that  results  in  breakdown  of  the 
Pel  Pro  300  lubricant  and  transverse  rupture  of  the  carbide  mandrels.  Higher  rupture 
strength  carbides  than  the  Carboloy  883  used  might  help  if  the  lubricant  breakdown  doesn’t 
excessively  amplify  the  biaxial  stresses. 


Note:  Test  work  in  another  (concurrent)  program  has  shown  that  Carboloy  55B  or 
Carbolov  248  carbide  are  superior  to  the  Carboloy  883  carbide  for  this  usage.) 

It  should  be  noted  that  even  though  optimum  interference  values  for  the  different 
alloys  appear  to  be  relatively  equivalent  for  the  smaller  diameter  holes,  this  again  may  be  a 
circumstantial  situation  for  the  particular  alloys  tested.  For  a  lower  yield  strength  alloy  with 
the  same  modulus  of  elasticity  in  a  basic  metal  family,  the  optimum  interference  values 
might  be  slightly  lower. 

One  other  point  relative  to  optimum  interference  testing  is  worth  discussing.  There  was 
some  question  if  the  open-hole  specimen  fatigue  test  for  optimrm  inter  'irenee  values  was 
truly  valid  for  filled  holes  (with  fasteners).  It  now  appears  that  the  open-hole  specimen  test 
is  a  reasonably  valid  test  for  this  purpose  with  aluminum  since  concurrent  tests  at  Lockheed 
(in  Georgia)  with  the  sleeve  coldworking  process,  disclosed  basica’ly  equivalent  optimum 
interference  values  for  filled  holes  with  up  to  50%  load  transfer  in  7075-T6  specimens.  Their 
values  were: 

Hole  diameter  (inches) 

1/4 
5/16 
3/8 
1/2 

l7u>t her  test  work  later  in  this  program  with  titanium  and  steel  indicates,  however,  that 
open-hole  comparisons  may  not  be  meaningful  with  regard  to  ultimate  filled-holc 
performance,  in  fact,  the  stress  amplification  of  an  open  hole  coupled  with  greater  notch 
sensitivity  of  these  and  other  metals  may  totally  mask  significant  improvements  that  might 
be  achieved  with  filled  holes.  Thus,  the  author  believes  that  open-hole  testing  should  not  be 
used  for  such  evaluations  in  the  future. 

The  optimum  interference  fatigue  performance  data  for  the  T1-6AI-4V  annealed 
titanium  is  shown  in  figure  71.  Three  items  presented  some  difficulty  in  attempting  to 
interpret  these  datu; 

•  The  generally  lower  fatigue  performance  of  the  3/4-inch-diameter  hole  specimens 

•  Tho  different  slope  on  fatigue  improvement  with  increasing  mandrel/ 
slceve-to-hole  interference  for  the  3/4-inch-diameter  hole  specimens 

•  The  relatively  large  scatter  in  results  at  higher  mandrel/sleeve-to-hoie  interference 
values  not  evident  at  lower  values. 

The  following  presents  results  of  further  investigations  relative  to  the  foregoing  items  and  of 
further  analyses  aimed  at  establishing  a  reasonable  optimum  interference  curve. 


a.  3/8-  Versus  3/4-Inch  Holes  (Ti-6AI-4V) 


The  mandrel/sleeve-to-hoie  interference  values  used  in  these  tests  were  selected  on 
the  basis  of  limited  work  conducted  previous  to  this  program  that  indicated  that  optimum 
interference  levels  for  aluminum  and  steel  might  be  relatively  close  to  one  another.  The 
equivalent  retained  expansion  values  for  the  aluminum,  titanium,  and  steel  obtained  in  this 
program  also  indicated  that  a  good  baseline  value  for  interference  with  the  steel  and 
titanium  was  the  optimum  value  defined  for  aluminum.  The  test  plan  then  included  one 
increment  below  this  value  and  two  above  for  the  titanium  and  two  below  and  one  above 
for  the  steel.  The  latter  decision  was  based  on  the  probability  that  practical  limits  on  high 
interference  would  occur  with  the  high-strength  steel.  Interference  values  for  the 
3/4-inch-diameter  hole  specimens  wore  selected  using  the  same  slope  on  the  interference 
versus  diameter  curve  for  aluminum  (based  on  equivalent  strain  calculations). 

The  initial  reaction,  wtten  the  3/4-inch-diameter  hole  titanium  specimens  failed  at 
a  generally  tower  level  than  the  3/8-inch-diameter  hole  specimens,  was  that  the  titanium 
required  a  different  slope  curve  for  diameter.  Further  examination  of  the  data  disclosed, 
however,  that  the  entire  band  of  data  for  the  3/4-inch-diameter  hole  specimens  is  shifted 
downward  toward  lower  performance.  Observation  of  the  fracture  faces  from  the  tutigue 
tests  also  showed  an  obvious  difference  in  visual  appearance  between  the  3/8-  and 
3/4-inch-diameter  hole  specimens  (fig.  72).  The  3/8-inch-diameter  hole  specimen  had  a 
granulated,  large  grain  appearance,  and  the  3/4-inch-diameter  hole  specimen  had  a  laminar, 
fine  grain  appearance.  In  phase  I,  the  3/8-  and  3/4-inch-diameter  hole  specimens  were  not 
fabricated  from  the  same  heat  of  material  as  all  specimens  were  in  phase  11.  A  spcetrographic 
analysis  of  the  two  materials  (fig.  73)  showed  some  difference,  but  each  was  within  alloying 
specifications.  Metallurgical  sections  (figs.  74  and  75)  show  a  more  laminar  grain  structure 
for  the  3/4-inch-din  meter  hole  specimens,  but  neither  metallurgical  structure  is  considered 
abnormal  for  Ti-6A1-4V  titanium. 

Scanning  electron  microscope  photos  of  the  two  fracture  laces  (figs.  76  through 
79)  show  some  difference  in  appearance  at  high  magnification,  but  nothing  of  great 
significance.  The  conclusion  thut  must  be  druwn  from  these  observations  is  that  a 
phenomenon  known  as  texturing  in  titanium  alloys  is  present  and  is  causing  a  difference  in 
tutigue  performance.  Thus,  this  factor  or  phenomenon  nnist  be  taken  into  consideration 
when  allowables  are  defined. 

The  possibility  thut  larger  diameter  holes  in  titanium  und  steel  do  not  follow  the 
same  interference  increase  requirement  for  turger  diameter  holes  in  aluminum  was  also 
investigated.  A  number  of  specimens  were  fabricated  to  analyze  strain  patterns  using  a  Moire 
fringe  pattern  technique.  This  included  specimens  of  3/8-  and  3/4-inch-diameter  holes  in 
aluminum  and  titanium,  plus  one  with  a  3/8-inch-diamcter  hole  in  steel.  The  specimens  were 
prepared  by  applying  a  400-line/inch  linear  grid  in  one  direction  before  coldworking.  After 
coldworking,  the  specimens  were  placed  in  a  vacuum  frame,  und  a  matching  400-line/ineh 
film  grid  was  registered  with  the  specimen  grid.  The  specimen  was  then  photographed  at  a 
scale  of  1:1  while  the  film  grid  was  held  in  contact  by  the  vacuum  system.  The  film  grid  was 
then  adjusted  to  give  a  rotational  mismatch  of  16  fringes  per  inch,  and  this  pattern  was 
photographed.  The  photographic  negatives  were  then  enlarged  in  a  rear  projection  system  at 
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a  magnification  of  4.85:1.  The  density  of  the  enlarged  image  was  scanned  with  a 
motor-driven  photoelectric  pickup.  The  scanning  aperture  was  a  rectangle,  0.05  inch  wide 
by  0.015  inch  long.  AK  scans  were  made  in  the  Y  direction  as  referenced  on  the  specimen, 
i.e.,  perpendicular  to  the  grid  lines.  Plots  of  density  versus  position  were  recorded  on  an  X-Y 
plotter.  The  position  scale  was  adjusted  to  a  magnification  of  10:1 ;  i.e.,  1  inch  on  the  plot 
was  equivalent  to  0.10  inch  on  the  specimen. 

The  half-  and  full-order  fringe  positions  were  located  on  the  plots,  and  surface 
displacement  curves  were  drawn  with  each  fringe  equal  to  0.0025  inch  of  displacement.  The 
slope  of  the  displacement  curve  then  represented  the  strain.  Photographs  of  the  fringe 
patterns  are  shown  in  figure  80.  The  top  photograph  represents  the  method  described;  the 
bottom  represents  a  90°  placement  of  the  grid  to  assist  in  orientation  of  the  strain  field 
through  angular  shift  of  the  grid  lines.  Figure  81  is  a  plot  of  the  actual  strain  data  taken  at 
the  edges  of  the  hole,  As  can  be  seen  from  these  data,  the  affected  zone  is  in  general 
agreement  with  the  laser  holograph;  i.e.,  it  is  roughly  equivalent  to  one  diameter  away  from 
the  edge  of  the  hole.  Also,  no  significant  pattern  emerges  on  tangential  stresses  (the  ones 
considered  important  to  fatigue)  other  than  some  loss  in  the  larger  aluminum  holes  where 
performance  was  considered  equivalent.  The  radial  strains  are  much  higher  in  the  titanium 
and  steel  than  in  the  aluminum,  but  the  tangential  strains  appear  to  be  basically  equivalent. 
Thus,  no  definite  requirement  for  higher  interferences  in  larger  diameters  (for  the  titanium 
and  steel)  can  be  drawn  from  these  data. 

b.  Scatter  at  Higher  Interfetences  (T1-6AI4V ) 

Since  the  yield  strength  of  titanium  is  relatively  close  to  the  ultimate  strength,  the 
scatter  in  fatigue  performance  with  the  highest  mundrel/sleeve-to-hole  interferences  used 
raised  the  question  of  whether  the  cold  working  operation  itself  was  causing  surface 
microcracks  in  the  holes  at  these  values.  To  resolve  this  question,  specimens  of  holes 
coldworked  to  these  high  interferences  were  submitted  to  the  Boeing  Commercial  Airplane 
Company  quality  control  research  organization  for  examination.  As  defined  in  figure  82.  a 
number  of  eddy  current  and  penetrant  inspection  methods  wore  used  to  inspect  these 
specimens,  including  a  “wink"  method  wherein  the  specimen  is  loaded  in  bending  to  open 
up  any  cracks  that  may  exist  but  are  closed  by  compressive  stresses.  None  of  these  tests 
disclosed  any  evidence  of  surface  erueking  in  the  holes.  Nevertheless,  the  higher  interference 
values  were  avoided  in  the  projected  optimum  interference  curve  until  more  performance 
data  arc  available. 

e.  Interference- Versus- Diameter  Curve  (T1-6AI4V) 

The  values  for  mandrel/slcevc-to-holc  interference  for  optimum  performance  are 
the  crucial  elements  of  concern.  Further  examination  of  the  data  discloses  that  shifting  data 
points  to  use  increases  in  interference  increments  that  arc  pertinent  to  diameter  increases, 
plus  shifting  the  loss  due  to  “texturing”  of  the  metallurgical  structure,  plus  discounting  the 
high  end  of  the  interference  (on  the  basis  of  scatter)  results  in  selection  of  a  curve  for 
optimum  interference  in  Ti-6A!4V  titanium  that  is  equivalent  to  that  for  tlte  2024-1851 
aluminum.  Such  a  curve  is  shown  in  figure  85.  Test  work  in  phase  11.  “Application  and 
Performance  Parameters,"  used  interference  values  selected  from  this  curve. 
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3.  PHASE  I:  TASK  3-PULL  MANDREL  DEVELOPMENT 

The  high-strength  steels  selected  for  fabrication  of  experimental  pull  mandrels  for  use 
in  coldworking  270-300  ksi  steel  were  AIS1  9260,  Vascojet  MA,  and  M-42  HSS.  All  of  these 
alloys  have  yield  strengths  above  that  for  the  300M  steel  heat  treated  to  270-300  ksi.  All 
tests  run  with  these  test  mandrels  used  disposable,  full-hard  301  sleeves. 

The  M-42  alloy  proved  to  be  too  difficult  to  work  with  in  fabrication  and  was 
discarded.  Mandrels  of  A1S1  9260  and  Vascojet  MA  were  fabricated.  These  mandrels  did  not 
have  a  nitrided  surface  as  the  standard  H-l  1  mandrel  does.  Data  from  Alloy  Digest  for  these 
alloys  and  300M  steel  are  shown  in  volume  11  for  comparison  and  reference  purposes. 

The  test  results  and  conclusions  for  this  task  follow: 

•  It  is  possible  to  use  a  pull  mandrel  with  a  sleeve  to  coldwork  the  270-300  ksi 
300M  steel:  but  the  lower  modulus  of  a  high-strength  steel  mandrel  (versus 
carbide),  coupled  with  sleeve  thinout,  results  in  roughly  one-half  the  retained 
expansion  that  is  obtained  with  a  carbide  mandrel  for  equivalent  mandrel-to-hole 
interference  (theoretical). 

•  The  Vascojet  MA  alloy  was  the  best  alloy  tested  and  also  proved  to  be  practical  to 
fabricate. 


•  The  Vascojet  MA  mandrel  does  not  require  nitriding  as  the  previous  H-!  1  or  H-l 3 
mandrels  do  for  sleeve  coldworking  in  aluminum. 

•  Since  the  now  standard  H-l  I  or  H-l 3  mandrels  are  not  adequate  for  titanium,  on 
the  basis  of  diameter  loss  reduction,  it  appears  that  a  Vascojet  MA  mandrel  is  a 
good  material  selection  not  only  for  use  in  high-strength  steel,  but  also  as  a 
standard  for  all  uses  (lack  of  nitriding  requirement  compensates  for  higher 
material  cost). 

•  The  radial  pressures  in  coldworking  the  high-strength  steel  are  still  sufficient  to 
cause  initial  surface  yielding  of  the  Vascojet  MA  mandrels,  with  a  resulting 
diameter  loss  of  a  few  thousandths,  but  this  decreases  to  zero  through  work 
hardening  of  the  mandrel  surface  if  the  interference  Is  kept  within  limits.  Thus, 
mandrels  for  this  purpose  should  be  made  oversize  and  preconditioned  by 
coldworking  prior  to  production  usage, 

•  The  limits  for  use  of  the  steel  puli  mandrel  In  high-strength  steel  (or  in  carbide) 
are  not  totally  defined  but  are  probably  equivalent  to  the  interference  values 
defined  for  aluminum,  up  to  a  probable  limiting  interference  of  0,025  inch. 

•  lire  pul!  force  for  the  steel  mandrel  and  sleeve  is  reduced  by  the  same  ratio  as  the 
retained  expansion,  i.e..  to  one-half  of  that  required  for  the  carbide  push  mandrel 
for  the  same  theoretical  interference  (based  on  initial  dimensions). 
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•  The  degree  of  fatigue  improvement  that  can  be  obtained  by  this  method  is 
reduced  by  approximately  the  same  ratio  as  the  retained  expansion  is  reduced 
(from  results  in  phase  II,  task  4). 

4.  PHASE  I:  TASK  4-PHYSICAL  EFFECTS  AND  REMAINING 
MANDREL/SLEEVE  PARAMETERS 

a.  Lineal  Growth 

The  lineal  growth  of  aluminum,  titanium,  and  steel  material  with  varied  edge 
margins  and  hole  spaeings  for  3/8-  and  3/4-ineh-diameter  holes  as  a  function  of 
high-interference  sleeve  coldworking  is  plotted  in  figures  84  through  89.  Values  are  shown  in 
lineal  growth  per  foot  of  part  length  for  three  conditions:  (1)  after  coldworking,  (2)  after 
coldworking  postream,  and  (3)  after  postream  and  countersink. 

A  throe-diameter  versus  a  four-diameter  hole  spacing  seemed  to  have  little  effect 
on  results:  whereas,  edge  margin  was  more  significant  (for  a  stringer  type  of  part).  No 
definite  trend  could  be  observed  relative  to  subsequent  operations  such  as  postreaming  and 
countersinking.  The  parts  with  larger  diameter  holes  had  significantly  less  lineal  growth  per 
foot.  This  is  probably  due  to  the  interference  values  for  the  larger  diameters  not  being  in 
direct  ratio  to  the  increase  in  diameter  (see  fig.  83).  The  lineal  growth  for  the  titanium  and 
the  steel  are  significantly  greater  than  that  shown  for  aluminum.  As  with  any  interference 
system,  this  growth  must  be  tolerated  in  tooling  systems  and  methods,  in  structural  design, 
and  in  operations  technique.  For  instance,  with  the  relatively  standard  two-diameter  edge 
margin  and  four-diameter  hole  spacing  in  the  2024-T85I.  the  lineal  growth  for  a 
I  GO- foot -long  part  with  3/8-ineh-diaineter  holes  would  be  on  the  order  of  1  inch  (for  a  part 
such  as  a  stringer  or  a  spur  chord).  Obviously,  this  value  would  be  somewhat  reduced  by 
constraint  of  attached  skins  or  webs:  nevertheless,  tooling  must  provide  allowances.  In 
addition,  critically  located  parts  may  require  location  after  all  of  the  growth  has  been 
encountered  and  mismatch  of  holes  in  different  parts  must  be  prevented  by  using  a 
technique  of  “spot"  completion.  That  is.  every  fifth  or  I Oth  hole  (or  some  other  number)  is 
cotdworked.  postreamed.  and  filled  prior  to  coidworking  the  remainder. 

b.  Bow  or  Distortion 

As  with  lineal  growth,  edge  margin  had  more  effect  on  degree  of  bow  than  hole 
spacing.  Bow  was  more  significant  in  the  thinner  gages  and  was  approximately  equivalent  for 
the  aluminum  and  titanium  before  countersinking,  but  it  was  approximately  twice  as  great 
in  the  steel  (higher  interference).  The  amount  of  bow  for  different  edge  margins,  hole 
spaeings.  hole  diameters,  and  specimen  thicknesses  is  shown  before  and  after  countersinking 
for  aluminum,  titanium,  und  steel  in  figures  90  through  95.  It  should  be  pointed  out  that 
many  interference-fit  fastener  systems,  including  Taperlok,  will  cause  some  bow  in 
unrestrained  specimens,  although  some  systems  such  as  uniformly  squeezed  slug  rivets 
minimize  the  effect.  The  previous  evidence  of  higher  retained  expansion  and  greater  surface 
upsetting  on  the  exit  side  of  the  hole  showed  up  in  the  direction  of  bow.  In  all  cases,  the 
bow  was  concave  away  from  the  exit  or  pull  side  of  the  hole.  Since  a  pull-type  operation 
would  normally  be  an  external  operution  on  a  countersunk  part,  such  us  a  wing  skin,  the 
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countersink  was  kept  on  the  coidworking  exit  side  in  all  cases.  Since  the  countersinking 
partially  removed  some  of  the  compressive  material,  it  reduced  the  bow.  This  was  more 
significant  in  the  thinner  gages  of  aluminum  than  in  the  thicker  and  even  resulted  in 
zero-to-negative  bow  in  the  titanium.  This  definite  effect  on  material  bow  from  removing 
this  countersink  material  certainly  raises  some  question  on  how  significant  an  effect  it  may 
have  upon  fatigue  performance -especially  since  the  Moire  strain  data  did  not  show  a 
significantly  different  tangential  strain  on  the  exit  side.  This  certainly  lends  some  credence 
to  the  proposal  that  a  70°  countersink  may  be  more  advantageous  than  a  100°  countersink. 
The  effect  of  countersink  sequence  and  countersink  angle  is  covered  in  phase  II. 


c.  Edge  Bulge 


Values  for  edge  bulging  with  I-1/2D  and  2D  edge  margins  in  3/8-  and 
3/4-inch-diameter  holes  at  31)  and  41)  hole  spacing  are  plotted  for  the  aluminum,  titanium, 
and  steel  in  figures  %  through  98.  Edge  bulge  of  some  degree  will  always  occur  with  normal 
edge  margins  and  is  a  factor  that  must  be  understood  as  an  acceptable  item  with 
coldworking  or  other  interference-fit  fastener  systems.  Normal  bulge  is  not  a  cosmetically 
unacceptable  item  to  casual  observation,  although  it  can  be  seen  by  the  naked  eye  if  one 
sights  along  an  edge  (see  fig.  I  %).  The  1-1/21)  edge  margins  do  have  some  increase  in  edge 
bulge,  but.  as  can  be  seen  in  the  figures,  the  increases  as  well  as  the  overall  values  are 
relatively  small.  Thus,  there  may  be  some  difference  in  fatigue  performance  with  1-5 '2D 
versus  2D  edge  margins,  but  probably  not  in  the  order  of  major  significance.  The  fact  that 
the  3/4-inch-diameter  holes  are  showing  a  greater  bulge  for  equivalent  edge  margins  (based 
on  diameter)  tends  to  indicate  that  the  interference  levels  being  used  for  the  larger  diameters 
is  not  out  of  order,  as  was  questioned  earlier.  Edge  bulge  also  represents  a  tensile  stress 
condition  at  the  edge  of  a  part  that  could  raise  questions  about  its  effect  upon  stress 
corrosion  with  certain  alloys.  Previous  tests  at  Boeing  with  aluminum,  including  7079 
material  with  transverse  end  grains  unfavorably  exposed,  have  disclosed  no  problems  with 
stress  corrosion  when  using  the  high-interference,  sleeve  coldworking  process.  Stress- 
corrosion  tests  with  the  sleeve  coldworking  process  ami  other  interference-fit  fastening 
systems  reported  in  reference  I  indicate  that  the  sleeve  coldworking  process  is  outstandingly 
better  than  all  the  other  systems  evaluated  when  tested  in  7075-T6.  Tests  in  phase  11  will 
show  that  favorable  stress-corrosion  performance  can  be  achieved  with  3COM  steel, 


d.  Surface  Taper  Effect 

In  this  portion  of  task  4  (phase  11.  holes  were  eoldworked  in  aluminum,  titanium, 
and  steel  with  surface  tapers  of  2s  ami  4°  to  determine  if  there  was  any  serious  effect  on  the 
uniformity  of  the  coidworking  near  the  surface.  This  was  done  with  3/8-ineh-diumeter  holes 
using  basically  a  0.01 9-inch  mandrel/sleeve-to-hole  interference.  The  resulting  retained 
expansion  should  normally  he  in  the  order  of  0.012-inch  for  this  expansion  (0.006-inch  pet- 
side).  The  results  are  plotted  in  figure  99.  and  some  typical  rotary  traces  taken  on  a  Moore 
precision  measuring  machine  are  shown  tit  figure  100.  These  measurements  showed  the 
centerline  shift  at  the  taper  surface  entry  to  he  on  the  order  of  0.003  inch  for  both  the  2* 
and  4*  tapers.  Titus,  the  coidworking  retained  expansion  is  roughly  50%  of  normal  at  the 
high  side  of  the  hole  on  the  tapered  surface.  This  shift  should  cause  no  poslsi/.ing  difficulties 
in  production:  in  addition,  it  should  cause  no  difficulties  with  fatigue  performance  since  the 


area  of  reduced  retained  expansion  is  in  line  with  the  normal  direction  of  stress  relative  to 
taper. 


e.  Diameter  Creep 

A  check  was  made  with  3/8-inch-diameter  holes  in  aluminum  and  titanium  to 
determine  if  there  was  any  significant  degree  of  diameter  creep  after  coldworking.  The 
results  of  these  measurements  are  shown  in  figure  101.  The  hole  diameters  were  checked 
immediately  after  coldworking,  1  hour  after  coldworking,  and  24  hours  after  coldworking. 
Only  0.0001 -inch  loss  in  diameter  occurred  within  the  first  hour;  this  result  was  the  same 
for  both  materials.  No  further  detectable  changes  occurred  in  the  next  24  hours.  In  the  past, 
installation  difficulties  have  been  reported  when  bolts  were  not  installed  on  the  same  day, 
but  the  data  seem  to  refute  the  contention  that  this  problem  was  based  on  creep. 
Furthermore,  creep  would  result  in  a  change  in  prestress  and  would  require  an  evaluation  of 
time  effects  on  fatigue  performance.  This  limited  test  indicates,  however,  that  time  and 
creep  do  not  seem  to  be  problems. 

f.  Sleeve  Lubricant 

The  sleeve  lubricant  selected  as  a  standard  lubricant  for  the  process  early  in  its 
development  was  Fel  Pro  300.  This  is  a  solid-film  molybdenum  disulfide  type  of  lubricant 
that  comes  in  air-dry  or  bake-on  versions.  Of  the  two.  the  latter  performs  best  and  has  been 
used  as  the  standard.  Prior  to  the  initiation  of  this  program,  some  difficulties  were 
experienced  with  high  forces  and  force  variations  in  coldworking  9/ 16-inch-diameter  holes 
in  thick  stacks  of  material.  At  that  time,  an  evaluation  of  numerous  alternatives  to  the  Fel 
Pro  300.  or  combinations  with  the  Fel  Pro  300,  was  conducted.  The  earlier  tests,  as  with 
those  within  tins  program,  were  conducted  on  a  Tinius  Olsen  setup  us  shown  in  figure  14.  In 
this  setup,  an  actual  pull  gun  is  used  to  pull  the  mandrel  through  the  hole  at  the  same  rate 
that  occurs  in  normal  use  with  the  machine  registering  the  forces  involved.  Some  typical 
mandrels  and  sleeves  used  in  this  type  testing  are  shown  in  figure  IS. 

The  previous  testing  was  fairly  extensive  and  concentrated  heavily  on  the 
long-chain  alcohols  since  cetyl  alcohol  was  proven  to  he  such  an  outstanding  lubricant  for 
mandrel  coldworking  of  holes,  In  this  program,  two  versions  of  a  new  lubricant,  which 
supposedly  combines  with  the  surfuee  and  a  molybdenum  disulfide  paste,  were  evaluated. 
Results  of  both  the  previous  tests  and  the  program  tests  are  shown  in  figures  102 
through  106. 

Figure  102  shows  that  the  baked-on  Fel  Pro  300  was  superior  to  the  LLC  36  dry 
tube  and  the  Moly  Rote  G  paste  in  this  extreme  pressure  situation.  It  should  be  noted  that 
the  2024- I  RS  I  test  also  represented  the  lowest  demand  of  the  materials  of  concern  in  this 
program.  The  tests  produced  loud,  snapping  sounds  with  the  LLC  36  and  the  Moly  KoteG 
paste,  indicating  a  slip-stick  action  from  complete  breakdown  of  the  lubricant. 

Figure  103  shows  some  basic  variations  in  sleeve  lubricants;  it  also  shows  why 
some  attention  was  paid  to  the  long-chuin  alcohols,  since  the  cetyl  alcohol  is  quite  close  to 
Fel  Pro  300  in  performance.  Nevertheless,  nothing  surpassed  the  Fel  Pro  300.  although 


driving  off  any  absorbed  moisture  in  the  Fel  Pro  300  just,  before  use  did  help  some.  The 
benefit,  however,  was  not  sufficient  to  merit  the  special  handling  that  would  be  involved.  It 
should  be  noted  that  the  Fel  Pro  300  is  designated,  in  figure  103,  as  being  properly  mixed. 
Figures  104  through  106  show  variations  with  Fel  Pro  300,  including  some  in  which  the  Fel 
Pro  300  is  not  properly  mixed.  The  mixing  turned  out  to  be  very  important  since  the 
lubricant  has  some  heavy  metallic  elements  that  settle  out  very  rapidly  if  the  liquid  is  not 
agitated  continuously. 

Close  observation  of  the  test  results,  which  included  32  lubricant  variations, 
shows  that  only  two  were  slightly  better  than  properly  mixed  Fel  Pro  300.  These  were  cetyl 
alcohol  and  paraffin  in  combination  with  improperly  mixed  Fel  Pro  300.  The  slight 
improvement  was  not  sufficient  to  justify  the  complexity  involved  in  application.  As  a 
result,  the  Fel  Pro  300  baked-on  version  continues  to  be  the  standard  for  the  coldwork 
sleeves.  The  manufacturer  of  the  sleeves  was  contacted  as  a  result  of  the  previous  evaluation, 
and  a  system  to  ensure  continuous  agitation  of  the  lubricant  in  the  automatic  application 
system  was  installed. 

g.  Mandrel  Finish 


Previous  work  with  mandrel-only  processes  in  aluminum  showed  that  some 
reduction  in  pull  force  could  be  achieved  by  vapor  blasting  the  mandrel  to  provide  a  “grip" 
for  the  cetyl  alcohol  lubricant.  Vapor-blasted  mandrels  for  use  in  the  sleeve  coldworking 
process  were  evaluated  in  this  program.  The  mandrels  were  first  vapor  blasted  and  then 
treated  by  baking  on  a  coat  of  Fel  Pro  300.  They  were  then  tested  in  coldworking  aluminum 
and  titanium  by  the  sleeve  method  and  compared  with  standard  mandrels.  The  results  are 
shown  in  figure  107.  As  can  he  seen,  the  treatment  did  produce  a  slight  reduction  in  pull 
force,  but  it  was  not  significant  enough  to  justify  the  extra  processing. 

h.  Sleeve  Configuration 

The  standard  sleeve  process  uses  a  sleeve  with  an  axial  split  in  it  as  shown  in  figure 
15,  The  width  of  the  split  Is  established  al  a  value  that  will  produce  a  minimum-width  ridge 
in  an  as-eold worked  hole  but  wide  enough  to  prevent  the  edges  of  the  thinned-out  sleeve 
from  being  jammed  together  by  hole  springbuck  (after  the  mandrel  passes  by)  causing  the 
sleeve  to  be  locked  into  the  hole.  A  typical  ridge  in  a  thick  stack  is  shown  in  figure  I  OH 
where  two  nonaligued  split  sleeves  were  used  in  conjunction  with  each  other  to  handle  the 
stack  thickness.  This  ridge  produces  a  surface  discontinuity  in  strains  (part  surface,  not  hole 
surface)  as  evidenced  by  the  Moire  data  hut  does  not  necessarily  represent  a  /one  that  Has 
not  been  adequately  prestressed.  The  hoop  expansion  results  in  a  hoop  strain  tltal  is 
apparently  sufficiently  uniform  since  previous  tests  have  shown  no  detrimental  effect  from 
this  ridge  or  its  location.  Test  work  in  phase  II  verified  this  contention,  in  general,  hut 
photostress  tests  in  phase  II  disclosed  some  limitations  relative  to  precountersunk  holes  (see 
phase  II  for  more  detail). 


Actually,  the  width  of  the  split  in  lire  sleeves,  as  previously  defined,  proved  to  be 
adequate  for  all  but  the  very  highest  interferences  attempted  in  this  program.  Since  these 
maximum  values  of  interference  were  not  selected  for  use.  the  existing  sleeve  design  appears 
to  be  adquate. 


As  now  configured,  the  sleeves  also  have  different  thicknesses.  Actually,  they 
could  all  be  of  a  singular  thickness  of  a  high  value,  but  this  would  make  them  more  difficult 
to  manufacture  in  the  smaller  diameters  and  very  difficult  to  put  onto  a  mandrel  in  the 
smaller  diameters.  Consequently,  the  sleeve  thickness  starts  at  0.006  inch  for  a  3/ 16-inch- 
diameter  mandrel  and  progresses  in  increments  up  to  0.018  inch  for  a  1 -inch-diameter 
mandrel.  The  0.018-inch  thickness  also  happens  to  be  the  maximum  limit  for  the  axial  split 
sleeve  with  the  current  manufacturing  equipment;  thus,  if  a  one-sided  operation  is  to  be 
used,  another  sleeve  configuration  with  thicker  walls  must  be  used  for  mandrels  over  1  inch 
in  diameter.  The  incremental  thickening  of  the  sleeve  wall  is  necessary  to  allow  one-sided 
entry  of  the  mandrel  into  the  hole  and  achieve  the  necessary  diameter-related  interference 
(through  sleeve  thickness)  on  mandrel  withdrawal. 

Use  of  thin  walls  to  facilitate  sleeve  manufacture  and  placing  a  sleeve  on  a 
mandrel  leads  to  one  other  requirement.  The  thin  wall  has  a  low  column  strength,  and 
nosepieee  jaws  in  the  pull  gun  (to  restrain  the  sleeve)  are  not  adequate  alone  with  the 
thinner  sleeves  if  the  sleeve  does  not  grip  the  hole  with  a  high  friction  component.  The 
presence  of  any  lubricant,  either  on  the  outside  of  the  sleeve  or  in  the  hole  from  drilling, 
may  cause  the  sleeve  to  cripple  and  result  in  a  rejection.  Therefore,  the  current  sleeves  are 
lubricated  only  on  their  internal  surfaces;  the  Boeing  process  specification  stipulates  that 
holes  to  be  coldworked  must  be  drilled  with  a  noncontaminating  cutting  fluid  such  as  Freon 
TB-I.  Use  of  oils,  paraffin,  or  cetyl  alcohol  that  are  not  cleaned  from  the  hole  may  lead  to 
difficulties. 

Practice  has  also  disclosed  a  further  refinement  in  the  axial-split  sleeve 
configuration  that  is  desirable.  Since  the  sleeve  wall  is  relatively  thin  in  smaller  diameters, 
the  nosepieee  jaws  are  not  as  reliable  when  the  sleeve  does  not  have  a  Hare  on  its  one  end. 
This  flare  not  only  decreases  the  probability  of  slippage,  but  it  also  enhances  the  operation 
of  putting  a  sleeve  on  the  mandrel  by  providing  an  entry  taper,  It  also  makes  it  relatively 
easy  to  use  simple  tools  to  hold  the  sleeves  for  placing  them  on  mandrels.  Since  a  singular 
sleeve  length  is  probably  adequate  for  most  stacks  in  smaller  diameter  holes,  a  nonflured 
sleeve  in  smaller  diameters  (for  end-to-end  stacking)  is  probably  not  a  serious  requirement. 

This  discourse  has  been  aimed  at  providing  an  understanding  of  the  parameters 
involved  in  current  sleeve  configurations.  Within  this  program,  other  configurations  were 
evaluated.  They  urc  as  follows; 

(1)  Scarfed  Axial-Split  Sleeve 

The  concept  here  is  to  continue  use  of  the  current  axial-split  sleeve  but  to 
scarf  the  edges  of  the  split  at  an  angle  (instead  of  9(f).  Theoretically,  this  should  allow  use 
of  a  narrower  split  and  should  prevent  inadvertent  difficulties  in  sleeves  that  jam  in  holes  at 
high  interferences  because  the  edges  of  the  split  should  ride  over  one  another  when  they 
close  together.  The  current  manufacturing  technique  for  the  sleeves,  which  uses  a 
pull-through  cutoff  tool  to  pari  the  sleeve  material,  also  appeared  to  be  amenable  to 
producing  this  configuration. 

As  stated  previously,  no  jummhtg  difficulties  with  the  slumlord  sleeves  was 
encountered,  and  it  was  difficult  to  provide  any  comparisons  of  improvement  without 


significantly  altering  mandrels  and  starting  hole  sizes.  This  was  not  done  because 
microscopic  examination  of  the  “scarfed”  splits  showed  that  it  was  process-critical  and 
would  require  further  development  to  gain  the  quality  and  uniformity  deemed  essential. 

(2)  Helical-Split  Thin-Wall  Sleeves 

This  concept  was  evolved  before  the  contract,  although  only  partially  tested. 
The  sleeve  is  wound  from  strip  material  as  a  spring  is  wound  and  then  cut  into  individual 
length  sleeves.  Several  as-wound  strips  are  shown  in  figure  109.  As  can  be  seen,  there  is  a 
probable  maximum  strip  width  for  a  specific  diameter  since  the  wider  strip  has  an  anticlastic 
saddling  that  could  present  some  difficulties.  The  theory  of  the  helical-split  sleeve  is  that  it 
does  not  have  to  be  precise,  the  split  is  not  critical,  it  can  be  easily  wound,  it  can 
accommodate  diameters  that  are  close  (but  different),  and  it  should  not  leave  as  significant  a 
ridge  in  the  hole.  Figure  1 10  shows  some  helical  sleeves  cut  to  length;  it  also  shows  the  two 
major  problems  of  helical  sleeves:  (l)the  ends  of  the  helix  have  a  tendency  to  spring 
outward  and  present  problems  on  inserting  a  mandrel/sleeve  combination  into  a  hole,  and 
(2)  the  deburring  evident  on  the  sleeves  represents  an  unsolved  problem  relative  to  a 
practical,  high-rate  cutoff  method  that  does  not  require  subsequent  deburring. 

Figure  1 1 1  shows  the  minimal  ridge  that  this  type  of  sleeve  leaves  in  a  hole. 
Test  work  in  this  program  also  showed  that  the  helical,  thin-wall  sleeve  was  easier  to  put  on 
the  mandrel  and  to  remove  from  the  holes.  Retained  expansion  and  thinout  were  no 
different  than  axial-split  sleeves,  as  should  be  expected.  The  fabrication  problems,  however, 
still  retard  practical  adoption  of  this  type  sleeve. 

(3)  Square-Wire  Sleeve 

This  is  u  further  evolution  of  the  helical  sleeve  conceived  before  this  program 
and  only  partially  evaluated.  In  this  concept,  the  helical  material  is  a  square  or  rectangular 
wire  that  can  be  fabricated  close  coiled  on  a  conventional  spring  machine  and  the  end  cut  to 
length  in  the  conventional  fashion  that  a  spring  is.  A  number  of  such  sleeves  uro  shown  in 
figure  1 1 2.  The  potential  advantages  of  this  sleeve  are  that  it  can  he  fabricated  with 
stutulurd.  low-cost  techniques  and  equipment,  it  can  be  cut  to  length  with  no  difficulty.it 
can  be  made  heavy  enough  so  that  it  should  resist  buckling  on  its  own  without  lubricant 
restraints,  and  it  should  be  able  to  accommodate  variations  in  diameter  close  to  its  nominal 
diameter. 


Tests  with  this  sleeve  concept  (in  this  program)  have  disclosed  a  number  of 
problems.  Kite  first  problem  is  that  of  putting  tire  sleeves  onto  the  mandrel.  This  has  proven 
to  be  very  difficult  and  would  require  further  development  of  a  special  loading  device  that 
unwinds  and  enlarges  the  sleeve  diameter  in  a  quick  and  easy  fashion  for  mandrel  placement. 
The  second  is  not  as  complex:  It  was  encountered  in  fabricating  aluminum  fatigue  coupons 
for  phase  II.  In  this  problem,  a  square-wire  sleeve  was  extended  because  the  jaws  let  it  slip 
through,  This  resulted  in  very  wide  gaps  that  did  not  get  eoldworked,  lire  solution  appears 
to  be  a  modification  of  the  noscpiocc  jaws  to  accommodate  the  thicker  sleeve  material  in  a 
way  that  the  jaws  will  not  lip  and  allow  the  sleeve  to  slip  by.  lire  third  problem  Is 


trapezoidal  tipping  of  the  square  wire  elements  under  the  frictional  faces  encountered  in 
attempting  to  coldwork  titanium.  This  problem  totally  voids  its  consideration  for  this  type 
application  without  use  of  heavier  elements.  The  fourth  problem  was  breaking  of  the  rings 
that  extend  beyond  the  hole  so  that  a  housekeeping  problem  is  generated. 

One  further  factor  deserves  to  be  mentioned  about  helical  sleeves  in  general; 
the  tests  disclosed  that  they  produce  less  difference  in  axial  radial  variation  than  the 
standard  axial-split  sleeves. 


5.  PHASE  I:  TASK  5-MULTIMATERIAL  STACK  PARAMETERS 

This  task  involved  reaming,  sleeve  coldworking,  and  postreaming  multimaterial  stacks 
of  titanium  and  aluminum  to  define  the  feasibility  and  practicality  aspects  of  such  an 
operation.  The  stacks  selected  consisted  of  nominal  thicknesses  us  follows: 

1  /4-inch  A1  +  I /4-inch  Ti  +  1 /4-inch  A1 
1 /4-inch  Ti  +  1-inch  Al  +  1 /4-inch  Ti 

The  task  was  somewhat  simplified  by  the  selection  of  equivalent  interferences  for  each 
alloy  as  optimum  interferences.  Hole  diameter  was  3/8  inch.  Figure  1 13  shows  the  retained 
expansion  obtained  at  different  interference  levels  in  the  specific  stacks,  and  figure  1 14 
shows  the  preream,  as  cold  worked,  and  postream  diameters  for  the  specific  stacks  at  the 
optimum  interference. 

Even  though  the  previous  retained  expansion  curves  plotted  from  individual  plates  of 
material  showed  basically  equivalent  values  for  the  different  materials,  the  combination 
stacks  produced  retained  expansion  values  in  the  titanium  that  were  0.001  S  to  0.002  inch 
smaller  titan  those  for  aluminum.  Tire  proream  and  the  postream  operations,  however,  were 
within  0.0005  to  0.001  inch  of  each  other,  with  the  titanium  actually  ending  tip  slightly 
larger  in  all  cases.  Freon  TB-l  was  used  for  all  reaming  and  may  have  had  an  influence 
because  titanium  often  ends  up  smaller  in  reamed  holes  in  titanium/aluminum  stacks. 
Nevertheless,  no  significant  problem  occurred  in  final  hole  $i?.e,  in  the  coldworking 
operation,  or  in  tlte  removal  of  the  disposable  sleeves.  It  should  be  noted  that  the  sleeves 
could  not  be  removed  easily  from  tire  holes  in  tire  normal  fashion  with  fingers  alone:  they 
did  require  tlte  use  of  pliers  in  most  cases.  Helical  sleeves  could  rectify  this  situation  if  their 
other  associated  problems  were  solved. 

6.  PHASE  I:  TASK  6-POSTS1Z1NG  PARAMETERS 

litis  task  was  aimed  at  defining  tire  minimum  allowances  for  postreuming  or 
postbroaching  to  ensure  cleanup  of  the  surfaces  in  alt  eases.  To  some  degree,  a  pc.  dun  of 
this  task,  and  perhaps  tire  most  difficult,  was  already  covered  in  the  multitnutcrial  slack 
effort.  The  data  sheets  in  volume  il  show  that  litres  in  the  aluminum,  with  O  OC/s-inch 
minimum  (on  the  diameter)  and  0.007-iueh  maximum  to  be  u  moved  (as  a  result  of  hole 


profiling)  were  consistently  reamed  to  final  hole  size  with  full  cleanup  in  every  case  when 
using  piloted  reamers.  Holes  in  titanium  were  consistently  reamed  to  final  hole  size  with 
piloted  reamers  with  only  0.002-inch-ininimum  removal  and  0.005-inch-maximum  removal. 
These  values  are  considered  to  be  excessively  low  in  terms  of  a  100%  assurance  that  cleanup 
will  always  occur,  although  the  tests  did  show  that  this  performance  could  be  obtained. 
Nevertheless,  we  have  defined  0.010  inch  and  0.015  inch  (on  the  diameter)  as  minimum 
removal  values  for  holes  less  than  1/2  inch  and  more  than  1/2  inch,  respectively.  Charts  that 
define  the  relative  starting-hole  sizes  to  ensure  these  cleanup  amounts  are  provided  in  figures 
1 15  and  116. 

If  hand-held  power  equipment  is  used  for  reaming,  tests  have  disclosed  that  a  long  pilot 
is  required  on  the  reamer  for  guidance.  Broaching  can  also  be  used  for  sizing,  but  it  is 
practical  only  in  aluminum.  Care  must  be  exercised  in  broaching  thick  stacks  relative  to 
ensuring  cleanup,  since  the  hole  profile  and  the  sleeve  ridge  in  the  hole  prevent  having  a 
close-fitting  pilot  to  assure  angular  alignment.  Consequently,  the  teeth  on  the  broach  must 
be  ground  in  a  certain  manner  to  provide  the  required  alignment.  That  is,  the  broach  must 
be  ground  with  teeth  in  sets  of  three  that  all  cut  to  the  same  diameter  before  the  next  set 
increases  an  increment  of  diameter.  A  broach  that  cuts  bigger  with  every  tooth  does  not 
scent  to  line  up  as  well  with  an  existing  eoldworked  hole  axis  as  the  previously 
specified  type 

It  should  also  be  noted  that  this  task  placed  some  emphasis  on  assurance  of  cleanup; 
phase  II  results  indicate  that  lack  of  postsizing  or  full  cleanup  is  actually  not  detrimental  to 
fatigue  performance  of  zero-  and  lowdoad-tramfet  applications.  The  advantage  of  postsizing 
is  elimination  of  requirements  for  precise  starting  holes  ami  precise  knowledge  of  springback 
to  produce  finite  finished  holes  (no  postsizing);  nevertheless,  phase  II  results  indicate  that 
fill!  cleanup  is  itot  totally  necessary  for  many  applications  and  should  be  so  specified  in 
pertinent  specifications. 


7.  PMASIi  I;  TASK  7-PORTABLE  EQUIPMENT  DEFINITION 

Depending  on  specific  performance  requirements,  the  sleeve  coldworking  process  can 
be  basically  considered  a  process  that  is  very  untenable  to  assembly  and  rework  operations 
with  portable  tools.  Most  individuals  that  are  exposed  to  the  actual  coldworking  operation 
are  usually  impressed  with  its  simplicity.  The  basic  elements  of  the  tooling  to  accomplish 
sleeve  cold  working  are; 

•  Mandrel 

•  Sleeve 

•  Nose  cap  and  laws 

•  Pull  gun 


•  Hydraulic  power  pack 


0  Postsizing  reamers  or  broaches 

The  process  is  patented  and  licensed  to  a  manufacturer  for  sale  of  the  elements  to  anyone 
that  wishes  to  use  the  process.  The  licensee  is  listed  under  reference  2. 

It  should  be  noted  that  the  mandrels  and  sleeves  now  carried  as  standards  by  this 
supplier  basically  reflect  the  Boeing  system  as  originally  developed.  The  standard  tools  now 
being  offered  do  not  necessarily  include  the  changes  that  may  be  advisable  as  a  result  of  this 
program.  Howevei,  provision  of  sleeves  and  mandrels  to  revised  designs  and  dimensions  on 
the  basis  of  either  this  program  or  the  procuring  organization’s  desires  appears  to  be  no 
major  problem. 

Selection  of  tools  for  sleeve  coldworking  operations  requires  knowledge  of:  s 

o  Diameters  of  holes  to  be  coldworked 

•  Interference  to  be  used 

•  Stack  thickness  of  the  parts  to  be  coldworked 

•  Material  to  be  coldworked 


From  this  knowledge  and  the  data  contained  herein,  the  type  of  sleeve,  size  of  sleeve, 
size  of  mandrel,  pull  gun  size,  and  starting  hole  size  can  be  defined.  For  instance,  the  type 
301  half-hard  stainless  sleeve  is  normally  used  for  aluminum  coldworking,  and  the  type  301 
full-hard  sleeve  is  required  for  coldworking  titanium  (or  steel  if  a  lower  performance  pull 
process  is  used).  Actually,  the  full-hard  sleeve  can  be  used  for  all  materials  if  it  proves  to  be 
advantageous  from  a  cost  factor  in  separation  and  stocking.  The  Vascojet  MA  mandrel  will 
be  required  for  sleeve  coldworking  titanium  or  steel.  It  is  not  currently  a  standard  at  the 
supplier,  although  it  will  probably  become  the  standard  for  all  mandrels  in  the  future. 


Sleeves  can  be  procured  in  various  lengths  in  1/1 6-inch  increments  between  1/4  inch 
(minimum)  and  1-1/2  inches  (maximum).  For  specific  diameters,  there  is  a  fixed  price  for 
sleeves  from  1/4  inch  to  3/4  inch  in  length  and  a  slight  increase  in  price  for  sleeves  from  3/4 
inch  to  1-1/2  inches  in  length.  Practice  has  shown  that  it  is  advisable  to  procure  the  sleeves 
in  standard  singular  lengths  of  3/4  inch  or  1-1/2  inches.  Excess  sleeve  sticking  beyond  the 
stack  will  cause  no  problem  unless  there  is  a  limited  clearance  situation  on  the  far  side  of  the 
hole.  Thicker  stacks  than  1-1/2  inches  are  accommodated  by  stacking  nonfiared  sleeves  end 
to  end.  The  0.045-inch/inch  taper  should  be  specified  on  the  mandrels  since  it  will 
significantly  reduce  force  requirements  and  shorten  mandrel  ramp  length,  The  latter  can  be 
critical  with  limited  back-side  clearance  restrictions.  It  should  be  especially  noted  that  ail  of 
the  charts  compiled  in  the  remainder  of  this  section  for  equipment  selection  are  based  on 
use  of  the  0.045-inch/inch  mandrel  taper. 


Mandrels  can  also  be  procured  with  a  threaded  tang  or  a  collet-type  tang.  The  latter  is 
shown  on  the  mandrels  in  figure  15.  The  collet  tang  is  a  holdover  from  the  original 
mandrel-only,  low-interference,  coldworking  process  in  which  the  entire  mandrel  must  be 
passed  through  the  hole,  grasped  by  the  collet  in  the  pull  gun,  pulled,  and  automatically 
released  from  the  gun  to  repeat  the  cycle.  The  type  of  gun  and  collet  are  evolutions  of  the 
CP  659  and  CP  660  broach  pullers  shown  in  figures  1 1 7  and  1 1 8.  These  pull  guns  have  a 
longer  stroke  than  is  normally  required  for  most  coldworking  operations  but  can  be  used  if 
they  are  available.  With  the  sleeve  coldworking  system,  the  operation  is  a  simple  one-sided 
operation  whereby  the  sleeve  is  placed  on  the  mandrel,  the  mandrel/sleeve  combination 
inserted  into  the  hole  to  be  coldworked,  and  the  mandrel  withdrawn  by  actuating  the  pull 
gun.  The  sleeve  stays  in  the  hole  during  the  operation  and  is  manually  extracted  later  and 
discarded.  Consequently,  for  this  type  of  operation,  the  mandrel  should  stay  affixed  to  the 
pull  gun  continuously,  except  when  the  mandrel  diameter  is  to  be  changed.  This  means  that, 
if  a  collet  system  is  being  used,  the  gun  must  be  set  up  so  that  the  collet  does  not 
automatically  bottom  out  and  release  the  mandrel  on  extension.  Setting  the  gun  up  this 
way,  however,  requires  removal  of  the  entire  nose  barrel  to  actuate  the  collet  for  mandrel 
changes.  For  this  reason,  it  appears  advisable  to  use  a  simple  threaded  adapter  on  the  pull 
gun  with  a  threaded  tang  on  the  mandrel.  Such  a  mandrel  is  easier  to  change,  and  the 
adapter  costs  less  than  the  collet.  One  further  aspect  needs  to  be  considered,  however.  As 
will  be  noted  in  the  offset  attachments  shown  later  in  this  section,  a  collet-type  tang  may  be 
advantageous  for  limited  access,  quick  attachment  situations.  Consequently,  a  combination 
tang  that  meets  both  requirements  is  proposed  in  figure  1 19, 

The  nose  cap  design  is  also  deserving  of  some  comment.  The  current  standard  available 
uses  a  singular  nose  cap  with  interchangeable  jaws  or  inserts  to  handle  various  diameters  of 
mandrels.  These  jaws  or  inserts  are  segmented  (in  four  pieces)  to  accommodate  the  change 
in  mandrel  diameter  and  held  together  with  springs  or  O-rings.  The  jaws  are  necessary  to 
support  the  end  of  the  sleeve  and  prevent  sleeve  slippage.  The  design  of  the  jaws  and  nose 
cap  also  provides  Hush  support  of  the  structure  being  coldworked  adjacent  to  the  hole  by 
both  the  jaws  and  the  nose  cap.  A  typical  nose  cap  and  jaw  assembly  is  shown  in  figure  1 20. 
The  feature  of  having  a  singular  nose  cap  that  can  accommodate  different  jaw  inserts  has 
proven  to  provide  some  difficulties  in  use.  if  the  particular  combination  of  mandrel  length, 
gun  barrel  length,  and  gun  stroke  results  in  the  mandrels  withdrawing  totally  into  the  barret, 
the  current  system  requires  the  operator  to  hold  his  hand  over  the  inserts  to  keep  them  from 
popping  out  when  the  mandrel  re-ex  tends.  This  occurs  because  there  is  a  tipping  moment  on 
them  that  cannot  be  accommodated  properly  with  the  universal  cap.  Consequently,  the  nose 
cap  design  needs  to  be  revised  to  prevent  this-  the  obvious  solution  is  a  nose  cap/jaw 
assembly  for  each  diameter  range. 

Figure  121  is  a  tabulation  of  puli  guns  that  are  available,  their  designations,  stroke, 
force  capacity,  and  oil  volume  requirement.  Figure  121  also  includes  a  squeeze-yoke  setup 
for  pushing  carbide  mandrels.  In  addition  to  this  chart,  figure  122  gives  the  diameter 
capacity  for  each  unit  in  different  materials  and  stacks,  and  figure  123  gives  the  material 
stack  or  thickness  capacity  for  each  unit.  The  latter  takes  into  account  the  stroke  limits  of 
each  unit  versus  the  total  stroke  capability  required  for  specific  stacks  and  specific 
diameters.  Photographs  of  this  equipment  urc  shown  in  figures  117.  118.  and  138  and  also 
in  figures  1 24  through  131. 


Figure  132  lists  puller  unit  accessories  for  offset  and  angle  situations  where  an  in-line 
pull  on  the  tool  is  restricted  by  space  limitations.  The  accessory  designation,  critical 
dimensions,  use  with  designation,  stroke,  and  force  capacity  are  given.  Photographs  of  these 
accessories  are  shown  in  figures  133,  135,  136,  and  138  and  schematics  of  some  in  use  in 
figures  134  and  137. 

Figure  139  provides  a  listing  of  various  types  of  power  sources  that  have  been  used 
with  these  pull  or  squeeze  devices.  It  provides  their  designation,  maximum  pressure,  volume 
flow  at  maximum  pressure,  oil  available  per  cycle,  type  of  action,  input  power,  type  unit, 
approximate  weight,  and  1973  list  price.  Photographs  of  most  of  the  units  are  shown  in 
figures  140  through  145.  It  should  be  pointed  out  that  any  hydraulic  power  source  can  be 
used,  including  the  simple  hand  pump  shown  in  figure  146.  The  latter  may  be  quite 
adequate  for  a  simple  rework  job,  but  is  totally  impractical  for  production  usage.  One  other 
fact  must  be  pointed  out.  Figure  147  shows  a  schematic  of  the  internal  construction  of  a 
broach  puller  unit  (similar  to  the  coldwork  tool  pull  guns).  These  guns  are  operated  for 
pulling  action  by  hydraulic  pressure.  Return  stroke  is  provided  by  air  pressure.  Therefore,  a 
small  air  pressure  line  to  the  gun  is  required  in  addition  to  the  hydraulic  line.  For 
practicality,  even  the  hand  pump  setup  shown  in  figure  146  should  have  an  air  bottle 
hookup  for  stroke  return.  Because  air  is  normally  readily  available  in  most  plants  and 
maintenance  areas,  most  of  the  power  packs  shown  are  either  pneudraulic  or  pneumatically 
operated.  A  further  factor  must  be  considered  if  the  standard  actuation  system  on  the  pull 
gun  is  to  be  used.  Each  gun,  as  shown  in  figure  147  has  three  attachment  ports.  The  larger 
one  is  for  the  hydraulic  supply,  one  of  the  smaller  ports  is  for  the  return  air  supply,  and  the 
second  small  port  is  for  supply  actuation.  This  is  a  small  air  line  to  the  power  supply. 
Depression  of  the  gun’s  trigger  bleeds  pressure  from  the  actuation  line  and  causes  a 
pressure-drop  valve  to  actuate  the  power  supply.  The  CP  805  pneudraulic  power  supply 
shown  in  figure  140  is  equipped  with  this  remote  control  system  that  is  compatible  with  the 
guns  as  a  standard  feature,  Most  other  power  sources  will  require  this  remote  control 
modification.  A  schematic  of  such  a  modification  is  shown  in  figure  148. 

The  standard  hose  systems  normally  provided  with  the  CP  805  system  and  pull  guns 
are  believed  to  be  especially  cumbersome,  as  shown  in  figure  140.  An  even  more 
cumbersome  hose  setup  with  a  heavy  air  hose  used  is  shown  in  figures  144  and  145.  This 
problem  can  be  reduced  by  using  smaller  diameter  lines,  as  shown  in  figures  141  and  142, 
since  the  How  requirements  for  this  operation  are  not  high.  The  small  pneudraulic  power 
supply  shown  in  figures  142  and  143  would  not  be  recommended  for  production  work,  but 
it  has  proven  to  be  useful  for  field  rework  kit  applications. 


8.  PHASE  I:  TASK  8-INSPECTION  METHODS  DEFINITION 

Test  work  in  this  tusk  was  limited  to  tests  with  eddy  current  probes  to  determine  if  this 
method  could  be  used  satisfactorily  to  detect  that  coldworking  had  not  only  taken  place  In 
a  hole,  but  also  to  what  degree.  These  tests  were  totally  unsatisfactory  no  detection  of 
coldworking  was  possible  within  the  scope  of  using  available  equipment  and  probes. 


The  above  test  work  was  aimed  at  providing  a  possible  end-item  inspection  tool  for  an 
inspection  system  to  be  defined  in  this  task.  The  remainder  of  the  task  effort  was  directed 
to  analysis  and  observation  to  define  a  practical  inspection  system  in  lieu  of  the  probe 
detection  system.  Such  a  system,  however,  must  be  in-process  controlled. 

Since  the  primary  criteria  Ibr  fatigue  performance  with  the  process  is  the  amount  of 
mandrel/sleeve-to-hole  interference  used  for  a  specific  diameter  of  hole,  this  interference 
must  be  controlled,  As  now  established,  the  process  uses  a  0.00.3-inch,  maximum-tolerance, 
precision-drilled  hole.  Thus,  the  interference  is  controlled  basically  within  a  0.003-inch  band 
since  the  sleeve  thickness  and  mandrel  dimensions  are  usually  very  close  and  consistent. 

Nevertheless,  the  only  way  that  the  required  interference  can  be  ensured  is  to  require 
inspection  and  recording  of  the  starting  hole  dimensions.  With  good  equipment  setups,  this 
can  definitely  be  done  on  a  sampling  basis  with  the  sample  size  defined  by  continuing 
experience  with  a  particular  setup.  Inspection  and  recording  of  dimensions  on  mandrels  and 
sleeves  in  use  are  also  essential. 


The  question  that  most  often  arises  with  regard  to  inspection  of  coldworking  is:  “How 
can  you  tell  that  the  hole  has  been  cold  worked?”  If  the  hole  has  been  eoldworked  and 
postreamed  without  an  intermediate  inspection  step,  it  may  prove  to  be  difficult,  although 
the  surface  upset  at  the  higher  interferences  usually  has  a  discontinuity  where  the  axial  split 
was  located.  If  there  is  a  serious  question  when  such  a  situation  arises,  close  observation  of 
the  surface  at  the  hole  periphery  should  disclose  the  upset  and  the  discontinuity.  If  other 
suitable  inspection  has  not  ensured  that  the  appropriate  eoldworking  has  taken  place  and  no 
surface  upset  can  be  detected,  then  the  hole  may  require  oversizing  and  recoldworking. 


In  practice,  a  reasonably  practical  system  has  evolved  for  inspection  control  of  the 
process.  After  recording  starting-hole  and  tool  sizes,  the  mechanic  performing  the 
eoldworking  operation  leaves  the  sleeves  in  the  holes  he  has  eoldworked  as  a  guide  to 
himself  on  what  holes  he  has  eoldworked.  The  sleeves  could  he  left  in  the  holes  us  an 
indicator  to  the  inspector  that  the  holes  had  been  eoldworked  and  not  removed  until 
“bought  off.’  If  a  further  check  is  desired  at  this  point,  the  inspector  can  spot  check  for 
presence  of  a  definite  ridge  in  the  holes.  This  is  easy  to  spot  and  provides  definite  assurance 
that  eoldworking  has  taken  place. 


If  the  starting-hole  dimensions  have  been  properly  cheeked  and  recorded,  the  inspector 
could  also  spot  check  for  proper  interference  by  cheeking  the  as-cold worked  hole  against 
the  retained  expansion  values  defined  in  this  report  to  determine  if  the  hole  is  within  the 
proper  range.  This  technique  is  not  being  advocated  as  a  standard  method,  but  it  is  available 
if  serious  questions  arise. 


Finally,  the  postreaming  or  postbroaehing  operations  can  be  controlled  to  some  degree 
by  requiring  that  the  reamers  or  broaches  have  noncutting  pilots  of  a  specific  diameter  that 
will  only  enter  a  hole  it'  it  has  been  eoldworked.  Again,  recording  tool  dimensions  is  essential 
to  control  and  ensuring  that  they  are  truly  being  used  is  another.  Unfortunately,  it  is  a  weak 
control  because  it  is  difficult  to  provide  assurance  that  the  proper  reamer  was  used. 
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Consequently,  the  strong  elements  of  an  inspection  system  must  be  control  of 
starting-hole  sizes  and  coldwork  tools  and  intermediate  inspection  prior  to  final  sizing  to 
ensure  that  coldworking  has  been  accomplished. 

> 


> 


SECTION  V 


PHASE  II:  APPLICATION  AND  PERFORMANCE  PARAMETERS- 
DETAIL  RESULTS  AND  DISCUSSION 


The  work  in  this  phase  was  primarily  fatigue  testing  to  define  the  performance 
parameters  of  the  sleeve  coldworking  process  in  various  types  of  applications  and  its 
relativity  to_standard  fastening  systems  and  other  fatigue-rated  systems.  In  addition,  the 
effects  of  pr'ocess  and  control  variations  were  also  assessed  relative  to  fatigue  performance. 
This  work  was  complemented  by  additional  studies  relative  to  stress  corrosion,  relative 
strain  (using  photostress  and  strain  gage  coupons),  and  comparative  costs. 

The  reports  for  the  basic  material  properties  of  the  2024-T851  aluminum,  the 
Ti-6AI-4V  titanium,  and  the  300M  steel  used  in  this  program  are  contained  in  volume  (I  of 
this  report.  Data  sheets  with  detailed  test  descriptions  and  test  results  for  all  tests  in  both 
phase  1  and  H  are  also  contained  in  volume  11.  Because  of  the  large  number  of  figures 
contained  in  this  report,  they  have  been  placed  in  one  group  at  the  end  of  the  text. 

The  primary  data  were  procured  with  the  three  major  alloys:  2024-T8SI  aluminum, 
annealed  Ti-6A1-4V  titanium,  and  300M  steel  (270-300  ksi).  With  these  alloys,  multistress 
fatigue  data  were  procured  for  base  metal,  basic  open  holes,  and  basic  filled  holes.  S-N 
curves  were  plotted  for  these  data  (tasks  1  through  3).  All  other  process  and  application 
variations  and  the  additional  alloys  and  heat  treats  (T1-6A1-4V  STA,  Ti-6A!-4V  STOA. 
Ti-6Ai-6V-2Sn  annealed.  Ti-6AI-6V-2Sn  STA.  Ti-6Al-6V-2Sn  STOA  and  7I75-T736)  were 
all  tested  at  a  singular  test  stress,  This  stress  was  selected  from  the  previously  generated  S-N 
curves  so  that  a  singular  test  stress  could  hopefully  be  used  for  all  variations  so  that  direct 
“across-the-board"  comparisons  could  be  made.  The  original  intent  was  to  select  a  stress  for 
each  condition  that  would  produce  approximately  100.000  cycles  fatigue  performance;  this 
was  discarded  in  favor  of  the  singular  stress  approach  since  it  allowed  direct  comparisons 
and  since  the  high-speed  Vibraphore  test  machines  could  handle  large-value  cycles  quickly. 
Tints.  30  ksi  was  the  maximum  net  urea  stress  used  for  the  aluminum  comparisons;  70  ksi 
was  the  maximum  net  area  stress  used  for  the  titanium  comparisons;  and  1 10  ksi  was  the 
maximum  net  area  stress  used  for  tin;  3Q0M  steel  comparisons.  The  stress  ratio  (R)  was  0.1 
for  ail  tests.  For  comparison  purposes,  extrapolated  S-N  curves  have  been  generated  for 
major  single-stress  variations  and  plotted  on  overall  summary  plots. 

All  figure  2.  3.  and  7  configuration  specimens  were  tested  on  the  Amsler  Vibraphore 
machines  at  4000.  S000,  or  6000  epm.  All  of  the  aluminum  specimens  of  these 
configurations  were  tested  on  the  36  kip  Vibraphore  machine  shown  in  figure  4.  All  of  the 
figure  2  titanium  and  steel  specimens  were  also  tested  in  the  36  kip  Vibraphore.  All  figure  3 
and  7  specimens  In  titanium  and  steel  were  tested  in  the  100  kip  Vibraphore  shown  in 
figure  5.  All  figure  8.  9.  and  10  specimens  were  tested  in  Richie-Los  equipment  similar  to 
that  shown  in  figure  6.  Test  speed  in  these  machines  was  set  at  600  epm.  The  Riehlc-Los 
equipment  was  used  for  these  tests  to  lumdle  the  coupon  ske  and  to  provide  a  lower  testing 


speed  so  that  overheating  from  interface  fretting  would  be  less  of  a  potential  problem.  The 
maximum  part  temperature  that  ever  occurred  in  any  of  these  lower  speed  tests  was  200°  F 
(300  M  steel). 


Data  sheets  on  each  test  (contained  in  volume  II)  also  include  sketches  depicting 
origins  of  all  failures.  Failure  origins  are  also  summarized  for  each  metal  family,  but  the  data 
sheets  should  be  referred  to  if  there  are  any  questions  relative  to  origins,  failure  and 
parameter  conclusions,  or  specific  numerical  values  for  fatigue  cycles.  Summary  fatigue 
cycle  sheets  are  also  contained  in  volume  II  for  ease  of  reference. 

It  should  be  noted  that  all  fatigue  specimens  in  this  program  have  been  shot  peened 
before  testing.  This  was  done  to  prevent  premature  surface  failures  and  to  ensure  definition 
of  maximum  benefits  to  be  gained  from  coldworking  of  the  holes.  Admittedly,  this  will 
improve  the  fatigue  life  of  the  base  metal  specimens  as  well,  but  this  is  probably  appropriate 
since  the  author  believes  that  most  truly  fatigue-critical  structural  components  should  be 
shot  peened  where  it  is  possible  and  practical. 

Where  fasteners  were  used,  the  same  standard  torque  value  was  used  for  all  nuts.  No 
variation  in  fastener  preload  or  use  of  high  preloads  was  used  in  the  program.  All  fasteners 
used  in  the  aluminum  and  titanium  were  cadmium-plated  Ti-6AI-4V:  fasteners  used  in  the 
steel  were  cadmium-plated  steel.  The  use  of  Hi-Loks  for  the  straight  shank  fastener  system 
should  not  be  construed  to  mean  that  this  fastener  was  selected  for  any  particular  structural 
fatigue  performance  attributes;  it  was  selected  only  because  it  is  a  relatively  common 
straight  shank  fastener  system. 


In  phase  II.  all  specimens  ol  a  specific  alloy  have  been  fabricated  from  a  single  heat  of 
material.  Where  different  thicknesses  of  material  were  used,  the  material  has  been  machined 
(not  rolled)  to  that  thickness.  The  2024-T85I,  Ti-bAl-4V.  and  Ti-6At-6V-2Sn  were 
machined  from  plate  stock  and  the  7 1 75-T736  and  3COM  were  machined  from  forged  stock, 
Where  the  test  plan  called  for  annealed.  STA.  and  STOA  heat  treat  conditions  of  the 
Ti-6A14V  and  Ti-6AI-6V-2Sn  alloys,  each  material  was  fabricated  as  a  special  heat,  a  portion 
of  this  heat  was  mill  annealed  and  the  remainder  was  solution  treated  and  aged  (STA)  by  the 
vendor.  Part  of  the  hitter  portion  was  overaged  at  Boeing  to  put  it  into  the  STOA  condition. 
Much  of  the  STA  material,  as  received  from  the  vendor,  was  warped  from  the  heat 
treatment.  The  worst  of  these  were  selected  for  the  STOA  condition,  given  a  protective 
coating,  overuged  in  a  hot  flattening  press  and  then  chemically  etched  to  remove  any 
alpha  case. 


The  original  plan  culled  for  use  of  ah  aluminum  and  titanium  materials  in  the  as-roiled 
condition,  but  tills  was  impractical  since  the  surfaces  were  too  badly  pitted  and  scored  to 
assume  that  the  shot  pccning  alone  would  mask  or  alleviate  these  potential  sources  of  failure 
initiation.  Consequently,  all  aluminum  specimens  were  machined  to  thickness  during 
specimen  fabrication,  and  ail  titanium  and  steel  specimen  blanks  were  ordered  ground  to 
thickness  by  the  vendor.  The  3COM  steel  specimens  were  heal  treated  to  270-300  ksi  after 
machining  to  configuration  using  copper  plating  for  decarburi/utiou  control. 


A  word  of  caution:  care  should  be  exercised  in  studying  the  plotted  fatigue  results 
because  the  logarithmic  scale  on  fatigue  cycles  foreshortens  the  larger  values  and  can  be 
misleading  to  an  uncritical  observer.  For  proper  perspective,  one  should  compare  the  actual 
values  because  the  graphic  scale  often  makes  the  differences  appear  to  be  small  when  they 
are  not. 

For  ease  of  discussion  and  to  allow  grouping  of  results  displayed  in  the  figures  by 
major  metal  groups,  the  following  material  is  divided  into  major  groups  by  metals  as  first 
headings. 


1.  ALUMINUM 


a.  Phase  U:  Task  1-Base  Metal  Performance  (Aluminum) 

Values  for  base  metal  fatigue  performance  are  plotted  for  the  2024-T851 
aluminum  in  figure  149.  These  values  were  obtained  with  figure  2  type  test  coupons 
(without  holes  in  the  test  section)  that  were  l /4-inch  thick.  These  values  may  not  be 
equivalent  to  handbook  values,  which  are  usually  obtained  with  0.060-inch-thick  electro- 
polished  specimens,  but  they  are  “real-world”  test  values  for  this  heat  and  thickness  of 
metal  albeit,  the  results  may  also  be  influenced  by  the  friction  grip  loading  in  the  test 
machine  and  the  relationship  of  part  thickness  to  this  method  of  loading.  The  static  load 
test  values  for  this  heat  of  2024-T851  are  given  in  volume  11. 


The  test  values  in  figure  149  are  plotted  as  an  S-N  scatter  band  curve.  The  scatter 
band  shown  is  purely  a  graphic  interpretation:  it  does  not  represent  a  statistical  calculation 
of  probable  limits  bused  on  test  quantities  and  deviations.  A  graphic  “mean"  S-N  curve  for 
these  data  is  plotted  in  figures  1 53  and  1 54  for  comparison  with  other  open-  and  filled-hole 
S-N  data.  Figure  I  S3  is  plotted  on  the  basis  of  net  area  stresses.  Figure  1 54  is  plotted  on  the 


basis  of  gross  urea  stress  since  many  individuals  find  it  difficult  to  accept  net  area  stress 


comparisons.  More  on  this  subject  wilt  be  discussed  later. 


A  30  ksi  maximum  net  stress  ( R  0  0. 1 )  comparison  of  the  base  metal  fatigue 
performance  for  2024-T851  and  7I75-T736  aluminum  is  shown  in  the  first  line  of  figure 
158.  At  this  comparative  stress,  the  71 75-T736  is  significantly  better  in  fatigue  performance 
than  the  2G24-T85I  a  mean  of  approximately  500.000  cycles  in  one  case  and  8-10  million 
cycles  in  the  other.  The  notch  sensitivity  and  fracture  mechanics  differences  in  these  two 
alloys  might  not  have  produced  this  significant  difference  in  performance  without  the  shot 
peening.  The  better  fatigue  performance  of  the  base  metal  7 1 75-T736  should  he  expected 
(especially  with  the  surface  protected  by  shot  peening)  since  its  typical  yield  strength 
(72  ksi)  is  well  above  that  for  2024-T85I  (60  ksi).  The  higher  yield  strength  also  indicates 
that  a  higher  coldworking  interference  may  be  required  in  this  equivalent  modulus  alloy  to 
get  the  same  degree  of  final  compressive  prestressing  for  fatigue  improvement. 


b.  Phase  II:  Task  2-- Basic  Open-Hole  Data  (Aluminum) 

Scatter  band  S-N  curves  for  as-reamed  open  holes  and  sleeve  coldworked  open 
holes  are  shown  in  figure  1 50.  The  open  holes  are  3/8-inch  diameter  and  the  holes  are 
coldworked  to  the  0.019-inch  optimum  interference  value  selected  in  phase  I  and  then 
postreamed  to  nominal  size  (dimensions  specified  in  volume  11  data  sheets).  It  should  be 
noted  that  all  tests  and  sleeve  coldworked  holes  in  phase  11  used  the  optimum  interference 
values;  the  specific  value  for  interference  will  not  be  generally  defined  for  each  case  in 
the  text. 


Graphic  mean  S-N  curves  for  these  data  are  also  plotted  in  figures  1 53  and  1 54  for 
comparison  with  base-metal  and  filled-hole  S-N  data.  Discussion  of  these  curves  will  be 
covered  in  the  task  3  subsection. 

A  comparison  of  open-hole  results  at  the  30  ksi  maximum  net  stress  level  for 
2024-T851  and  7175-T736  is  shown  on  lines  2  and  3  of  figure  158.  The  open  reamed  hole 
results  indicate  that  the  7175-T736  is  more  notch  sensitive  since  its  fatigue  performance 
with  a  notch  (the  open,  untreated  hole)  is  now  only  slightly  better  than  the  2024-T85 1 : 
whereas,  its  base  metal  performance  is  significantly  better  (as  shot  peened).  When  the  holes 
are  sleeve  coldworked,  the  30  ksi  maximum  net  stress  performance  improves  from  an 
approximate  mean  of  40,000  cycles  for  a  reamed  hole  to  300.000  cycles  for  the  coldworked 
hole  in  the  2024-T851;  for  the  7I75-T736.  it  goes  from  approximately  50,000  cycles  to 
500,000  cycles.  This  is  maintaining,  more  or  less,  the  same  ratio  of  performance  and 
indicates  the  possibility  that  insufficient  interference  is  being  used  in  coldworking  the 
7 1 75-T736  since  the  type  of  improvement  shown  possible  with  the  “unnotched”  base  metal 
specimen  is  not  being  achieved,  (t  could  also  indicate  that  an  open-hole  test  is  too  severe  an 
evaluation  with  more  notch-sensitive  material. 

Basically,  all  of  the  tests  conducted  within  this  program  and  most  of  the  plotted 
data  are  based  on  net  area  stresses.  These  are  theoretical  averaged  stresses  in  the  net 
remaining  area  since  there  actually  is  a  gradient  of  stresses  from  the  notch  factor.  Because 
many  design  considerations  for  fatigue  are  related  to  bending  stresses  in  a  wing  (with  no 
significant  load  transfer),  many  stress  engineers  use  stress  levels  based  on  gross  areas  as  being 
relevant  to  what  the  wing  panel  encounters.  The  author  believes  that  neither  system  (net 
area  or  gross  area)  provides  the  proper  visibility  for  accurate  comparisons  when  using  small 
section  coupons.  The  development  of  an  improved  system  was  not  in  line  with  the  basic 
intent  of  this  program  and  is  not  included.  Nevertheless,  the  author  believes  that  this  very 
elemental  area  of  need  (low-load-transfer  applications)  should  Ire  investigated  to  explore  the 
use  of  an  equivalent  strain  concept  for  useful  comparisons  and  allowables  development. 
That  is,  when  a  wing  bends,  every  element  in  a  wing  panel  within  a  chordal  area  strains  an 
equal  amount  (disregarding  twisting  loads).  Thus,  if  a  large  panel  with  little  area  removed  by 
fastener  holes  is  strain  gaged  adjacent  to  a  fastener  hole  and  the  strain  values  are  plotted  for 
specific  gross  area  stresses  in  the  panel,  these  strain  values  could  be  used  to  define  loads  to 
produce  equivalent  strain  adjacent  to  the  fastener  holes  in  strain-gaged  small  specimens.  The 
strain  gages  are  placed  next  to  the  holes  because  this  is  the  area  of  maximum  concern  being 
tested  and  because  tlte  area  adjacent  to  the  hole  will  strain  a  greater  amount  tium  the  area 
between  holes  in  a  small  specimen.  Therefore,  when  one  wants  to  conduct  a  test,  load  values 


to  use  for  equivalent  gross  stress  in  a  large  panel  would  be  determined  via  a  chart  and  used. 
The  results  should  Be  truly  meaningful  and  should  allow  better  interchange  and  application 
of  data. 

All  failure  origins  in  this  task  were  at  the  holes.  In  the  reamed  holes,  the  fatigue 
failure  origins  were  fairly  uniformly  distributed  along  the  hole  surface  on  the  hole  centerline 
90°  to  the  load  axis  (as  shown  in  figure  168).  In  the  sleeve  coldworked  and  postreamed  holes 
in  aluminum,  the  failure  origins  were  relatively  uniformly  distributed  as  well  but  with  more 
definite  origins  at  the  hole  exit  corners.  As  with  all  coldworked  holes  in  aluminum  observed 
in  this  program,  the  longer  life  coupons  had  more  definite,  localized  origins  that  were  well 
defined.  In  addition,  all  noncountersunk  coldworked  hole  failure  origins  were,  without 
exception,  located  at  the  coldworking  entrance  side  of  the  holes. 

c.  Phase  11:  Task  3 -Basic  Filled-Hole  Data  (Aluminum) 

Basic  S-N  data  is  contained  in  the  scatter  zone  curves  of  figures  151  and  152  for 
as-reamed  holes  with  net-fit  protruding  head  Hi-Lok  fasteners,  sleeve  coldworked  and 
postreamed  holes  with  net-fit  protruding  head  Hi-Lok  fasteners,  and  taper-reamed  holes 
with  protruding  head  and  100°  flush  head  Taperlok  fasteners.  Graphic  mean  curves  are 
plotted  in  figures  1 53  and  1 54  us  well  for  comparison  with  other  data. 

Filling  a  reamed  hole  with  a  net-fit  fastener  (in  aluminum)  provides  a  significant 
improvement  in  fatigue  performance  over  an  open,  reamed  hole,  although  the  scatter  in 
results  is  rather  large  at  lower  stress  levels. 

The  difference  in  mean  performance  shows  approximately  a  300.000  cycle  life  for 
reamed  filled  holes  at  30  ksi  maximum  net  stress  (versus  40.000  cycles  for  an  open  reamed 
hole)  and  900.000  cycles  for  a  sleeve  coldworked  filled  hole  (versus  300.000  cycles  for  a 
sleeve  coldworked  open  hole).  At  40  ksi  maximum  net  stress,  the  performance  of  filled 
reamed  and  filled  coldworked  holes  Is  50.000  cycles  and  155.000  cycles,  respectively. 

The  protruding  head  Tuperloks  were  slightly  better  than  the  coldworked  holes 
with  net-fit.  protruding  head  Hi-Loks  although  the  Tuperloks  hud  a  large  scatter  at  lower 
stresses.  The  Hush  head  Tuperloks,  however,  had  failure  origins  at  the  countersink  to  part 
surface  junction  (where  no  prestressing  from  the  taper  shank  occurs)  with  fatigue 
performance  only  slightly  better  than  that  obtained  from  u  net-fit.  protruding  head  Hi-Lok 
in  a  reamed  hole.  The  Taperlok  holes  were  all  prepared  with  care  under  laboratory 
conditions  to  u  Boeing  class  P  specification.  This  specification  requires  a  higher  minimum 
and  maximum  level  for  protrusion  (effective  interference)  than  the  vendor  standard  uttd  all 
known  industry  standards,  lids  Boeing  protrusion  standard  is  0.187  to  0.289  inch  fora 
3/8-inch  fastener:  all  Tuperloks  within  the  program  fell  between  0.200-  and  0.240-ineh 
protrusion  values.  All  Taperlok  holes  were  reamed  to  size,  but  no  holes  were  checked  for 
contact  with  bluing  pins.  One  failure  analysis  of  Taperlok  installations  in  a  bigh-loud-transfer 
coupon  did  show  a  corkscrew  type  of  fretting  in  the  shank  area  even  with  the  care  exercised. 

fite  results  indicate  that,  in  2024-T85I.  proper  tensile  prestressing  via  a 
protruding  head  Taperlok  system  is  us  good  or  slightly  better  Ilian  a  straight  shank  net-fit 
fastener  in  u  coldworked  hole,  although  there  appears  to  be  more  scatter  and  less  confidence 


built  into  the  tapered  fastener  system.  The  flush  head  tapered  fastener  runs  into  serious 
difficulties  in  the  nonprestressed  countersink;  its  performance  is  little  better  than  a 
conventional  flush  head  fastener  installed  with  a  good  net  fit  in  a  reamed  hole.  Figures  155, 
156,  and  157  are  photographs  of  typical  fracture  faces  and  failure  origins. 

Figure  158  shows  the  relative  performance  of  reamed  and  sleeve  eoldworked  holes 
filled  with  protruding  head  Hi-Loks  in  2024-T851  and  71 75-T736  aluminum  (lines  4  and  5). 
The  reamed  holes  with  Hi-Loks  in  7175-T736  show  a  mean  value  improvement  (at  30  ksi 
maximum  net  stress)  from  approximately  55,000  cycles  for  open  holes  to  500,000  cycles 
for  filled  holes;  the  latter  value  is  not  significantly  better  than  that  achieved  for  2024-T851 
(a  mean  of  approximately  400,000  cycles).  Whereas,  the  eoldworked  and  postreamed  holes 
in  2024-T85I  showed  an  improvement  from  400,000  cycles  for  open  holes  to  750,000 
cycles  for  filled  holes,  the  7175-T736  showed  no  basic  improvement.  In  fact,  the  filled 
eoldworked  holes  in  7175-T736  had  lower  performance  than  equivalent  installations  in 
2024-T851.  Thus,  the  benefits  potentially  achievable  with  the  7175-T736,  as  evidenced  by 
the  base-metal  test  values,  are  not  being  reached  with  the  coldworking  interferences  used. 
Either  the  notch  sensitivity  is  too  critical  or  the  prestressing  (via  interference)  is  not 
adequate  for  this  alloy,  Further  S-N  type  testing  and  optimum  interference  testing  with 
open  and  filled  holes  appear  necessary  for  this  alloy  to  resolve  the  questions  not  answered 
by  the  planned  tests  in  this  program. 

d.  Phase  11;  Task  4-Application  and  Process  Performance  Parameters  (Aluminum) 

In  this  phase,  variations  in  application  such  as  edge  margin,  hole  spacing,  adjacent 
noncoldworked  holes,  and  loud  transfer  plus  process  variations  and  controls  such  as 
countersink  sequence,  hole  finish,  prior  damage,  subsequent  damage,  and  split  orientation 
are  evaluated  for  their  impact  on  fatigue  performance.  The  task  also  included  some  strain 
effect  and  photostress  testing  (covered  in  the  “All  Alloy  General'*  subsection). 

All  data  that  follow  are  solely  for  2024-T85I  aluminum;  it  was  all  obtained  by 
testing  at  30  ksi  maximum  net  stress  (U  =  0.1). 

( l )  Hole  Finish  and  Program  Correlation  ( Aluminum) 

The  program  included  specimens  with  both  as-reamed  holes  and  honed  holes 
(no  coldworking)  with  the  latter  to  serve  as  a  test  meihod  check  against  results  from  the 
“Precision  Hole-Generation  Methods"  contract.  P-330 1 5-7  |-C- 1 548  conducted  at 
McDonnell  Aircraft  Company,  litis  was  aimed  at  providing  a  proper  reference  for 
comparisons  and  correlation?.  Ilte  McDonnell  program,  however,  used  honing  in  only  its 
titanium  and  steel  test  work;  comparisons  will  be  made  in  the  subsections  on  titanium  and 
steel  (which  do  show  that  results  are  directly  comparable). 

The  open  as-reamed  and  as-honed  results  shown  in  lines  2  and  3  of  figure 
159  for  2Q24-T85 1  indicate  that  improving  the  hole  finish  from  approximately  55  KHR  (ax 
reamed)  to  25  RHK  (us  honed)  does  not  result  in  any  improvement  iit  fatigue  performance. 
The  use  of  an  as-drilled  hole  versus  a  reamed  hole  prior  to  sleeve  coldworking,  as  shown  in 
lines  2  and  4  of  figure  lol.did  not  result  in  any  change  of  eoldworked  fatigue  performance 
cither;  actually,  the  finish  of  each  type  of  precohlwork  hole  was  relatively  equivalent  (40-50 


RHR).  The  use  of  a  very  dull  drill  (line  5,  figure  161 )  for  abusive  drilling  immediately  prior 
to  coldworking  produced  hole  finishes  of  125,  130,  and  145  RHR.  The  open-hole  fatigue 
peiformance  of  these  holes  was  287,000,  1 10,000,  and  93,000  cycles,  respectively,  relative 
to  a  coldworked  open-hole  fatigue  performance  of  200  to  400,000  cycles  for  properly 
prereamed  or  properly  predrilled  holes.  It  is  interesting  to  note  that  the  loss  in  performance 
was  relative  to  the  degree  of  increase  in  finish  above  125  RHR  (with  the  125  RHR  specimen 
showing  no  loss  in  performance).  Further  examination  of  the  data  in  volume  11  for  this  set 
of  abusively  drilled  specimens  shows  that  the  retained  expansion  from  coldworking  was 
greater  than  should  be  expected  (as  previously  determined  and  charted).  Thus,  the  heat 
generated  in  the  abusive  drilling  operation  (with  a  very  dull  drill)  was  apparently  able  to 
accomplish  some  overaging  and  loss  of  strength  in  the  material  immediately  surrounding  the 
hole  with  a  resultant  loss  in  fatigue  capability  (regardless  of  coldworking). 

These  results  indicate  that  a  1 25  RHR  finish  limitation  is  still  probably  a 
practical  overall  limit;  any  finish  beyond  125  RHR  may  indicate  other  damage  and  should 
be  cause  for  rejection  and  reaming  of  the  hole  to  the  next  oversize  to  remove  damaged 
material.  Further,  it  may  be  wise  to  limit  the  number  of  holes  that  approach  125  RHR  to  a 
specific  percentage  to  ensure  good  process  control.  This  should  present  no  practical 
problems  since  standard  precision  drilling  processes  for  the  0.003-inch  total  tolerance  hole 
now  generally  specified  in  aluminum  will  normally  produce  hole  finishes  in  the  40-60  RHR 
range. 


(2)  Starting-Hole  Tolerance  (Aluminum) 

The  phase  l  optimum  interference  data  for  the  2024-T85 1  are  repeated  in 
lines  4  through  7  of  figure  1 59  for  3/8-inch-diameter  holes.  In  figure  68.  a  proposed 
intcrfcrcncc-vcrsus-diumctcr  curve  was  plotted  for  2024-T8SI.  This  was  based  on  analyses  of 
the  performance  data  and  soleetion  of  a  0.0 1 9-inch  interference  for  3/8-inch-diameter  holes 
as  a  reasonable  optimum  and  0.030-ineh  interference  for  3/4-ineh*diatneter  holes  and 
applying  a  downward  hole  tolerance  of  0.003  inch  to  these  values.  Further  examination  of 
these  data  indicates  that,  if  the  starting-hole  tolerance  of  0.003  inch  is  to  be  maintained 
without  causing  the  process  to  become  tolerance  critical  in  performance,  the  interference 
range  for  the  3/8-inch  hole  should  probably  be  shifted  front  the  originally  projected  0.016 
to  0.01 9  inch  to  one  of  0.0 1 8  to  0.02 1  inch. 

(3)  Sleeve-Split  Location  (Aluminum) 

As  shown  in  figure  160.  the  axial  split  In  the  coldworking  sleeve  leaves  a 
ridge  in  the  hole  after  coldworking.  In  all  tests  to  this  point,  this  ridge  hus  been  aligned  at  0* 
to  the  axis  of  loading  to  place  it  in  a  noncritical  zone  in  the  zero-load-transfer  specimens.  In 
this  test,  the  split  in  the  sleeves  was  aligned  at  90*  to  the  load  axis  in  the  most  critical, zone 
of  the  holes  in  each  specimen.  Lines  2  and  3  of  figure  16)  compare  the  results  for  the  0* 
orientation  and  the  90*  orientation.  The  results  show  that  the  split  location  has  no 
detrimental  effect  whatsoever  on  the  fatigue  performance  with  the  results  falling  well  up  in 
the  0*  scatter  band.  In  fact,  the  ridge  not  only  displayed  no  adverse  effect,  but  all  failure 
origins  were  on  the  side  of  the  holes  opposite  (lie  location  of  the  ridge. 


For  load-transfer  applications,  the  location  of  the  split  in  the  sleeve  or  its 
mere  existence  might  cause  some  problems.  That  is,  the  surface  upsetting  generated  in 
coldworking  displays  a  discontinuity  at  the  split  location.  This  discontinuity  could 
accentuate  interface  fretting  under  conditions  of  load  transfer.  Methods  of  offsetting 
fretting  problems  are  covered  under  the  subsection  on  high-load-transfer  testing  »n  task  4. 

(4)  Process  Predamage  (Aluminum) 

This  subject  has  already  been  covered  in  the  subsection  on  hole  finish. 

(5)  Process  Postdamage  (Aluminum) 

In  this  test,  holes  that  had  been  sleeve  coldworked  and  postreamed  were 
deeply  scored  with  a  sharp  tool  at  the  most  critical  position.  90°  to  the  load  axis  and  in  line 
with  the  hole  axis.  Only  one  of  the  two  holes  in  each  specimen  was  so  scored.  The  test 
results  are  shown  on  line  7  of  figure  161.  Since  all  failure  origins  were  in  the  nonscored 
holes,  it  must  be  assumed  that  a  sleeve  coldworked  and  postreamed  hole  has  a  relatively  high 
tolerance  for  postdamuge  especially  for  the  conventional  scoring  or  rilling  that  might  be 
encountered  in  standard  reaming  and  broaching  processes.  No  significance  is  especially 
attached  to  all  failures  occurring  in  nonscored  holes;  this  is  probably  a  statistical  anomaly 
and  should  not  be  construed  to  indicate  that  scoring  is  beneficial. 

The  actual  fatigue  performance  values  (with  one  exception)  fell  within  the 
desired  scatter  hand.  The  one  low  value  (in  a  nonscored  hole)  showed  evidence  of  fretting 
products  from  drilling  that  had  migrated  into  the  fatigue  fracture  interface.  This  indicates 
that  the  presence  of  such  aluminum  oxide  fretting  particles  (nay  influence  the  crack 
propagation  rate  by  acting  as  wedges  or  props  in  the  crack.  This  subject  may  deserve  further 
exploration  since  many  of  the  so-called  noncontaminating  solvent-type  cutting  fluids  used 
for  precision  drilling  of  aluminum  alloys  often  produce  some  fretting  products. 

(6)  Postreaming  Allowables  (Aluminum) 

In  this  series  of  tests,  the  open-hole  fatigue  performance  with  no  postream 
and  postreums  of  1/64.  1/32.  and  1/16  ineh  on  the  diameter  were  compared  to  results 
obtained  with  a  standard  postream.  The  standard  postream  is  currently  on  the  order  of 
0.006  to  0.0 10  Inch  on  the  diameter.  The  results  are  shown  on  lines  6  and  8  through  10  of 
figure  161  and  should  he  compared  to  the  standard  shown  on  line  2  of  the  same  figure.  As 
shown,  no  postreaming  produces  results  towards  the  high  end  of  the  scatter  band  and  a 
t /64-Inch  postream  toward  the  low  end  of  the  scatter  band.  The  increased  postreums  of 
1/32  and  1/16  inch  actually  showed  a  progressive  Improvement  in  results,  all  within  the 
scatter  band  limits.  Thus,  these  results  would  indicate  that  a  number  of  successive  overtiring 
operations  could  he  exercised  for  repair  or  rework  without  recoldworking  the  hole.  Since 
the  test  results  did  not  show  any  loss  in  performance  up  to  a  full  1/ 1 6-inch  removal,  the 
maximum  limit  has  not  been  defined;  however,  a  practical  allowable  lias.  The  results  also 
indicate  that  no  postreaming  should  he  necessary  for  holes  In  aluminum  tltal  remain 
open  such  os  clearance  and  drain  holes. 


(7)  Square-Wire  Sleeve  (Aluminum) 


The  concept  of  a  square-wire  sleeve  was  covered  in  the  phase  1  discussion. 
This  concept  appeared  to  offer  some  potential  for  sleeve  fabrication  improvement  and 
process  flexibility.  In  this  test,  its  capability  to  provide  equivalent  fatigue  performance  was 
to  be  verified.  The  results  of  the  test  are  shown  on  line  1 1  of  figure  161.  Of  the  three 
specimens  tested,  two  produced  acceptable  fatigue  results  within  the  defined  scatter  band 
(line  2).  One  specimen,  however,  had  reduced  performance  (still  well  above  the  reamed-only 
performance  shown  on  line  I).  In  this  specimen,  the  square-wire  sleeve  slipped  through  the 
nose  piece  and  helically  extended  within  the  hole.  As  a  result,  a  specific  helical  zone  within 
the  hole  received  a  reduced  amount  of  coldworking,  resulting  in  a  loss  in  performance. 

This  problem  can  probably  be  averted  in  the  future  by  revising  the  ledge  in 
the  nose  cap  jaws  or  inserts  to  fully  support  the  thickness  of  the  square  wire.  The  jaws  used 
were  designed  for  the  thinner  sheet  metal  split  sleeve:  the  eccentric  load  condition  with  the 
thicker  sleeve  caused  them  to  tip  and  allow  the  sleeve  to  slip  through.  In  addition,  the 
square-wire  sleeve  proved  to  be  very  difficult  to  place  on  the  mandrel  compared  to  a  regular 
split  sleeve.  A  special  sleeve  handling  tool  will  be  required  to  overcome  this  problem  before 
further  consideration  can  be  given  to  this  sleeve  concept.  In  addition,  difficulties 
experienced  with  this  sleeve  concept  in  titanium  (discussed  later)  indicate  that  potential 
application  would  probably  be  restricted  to  aluminum  structure. 

(8)  Material  Thickness  (Aluminum) 

Material  thickness  of  the  part  being  cold  worked  has  previously  been  shown 
to  influence  surface  upset  amount  and  retained  expansion  values.  In  this  test,  specimens 
were  fabricated  from  0,060-lneli-lhlck  2024-T85 I  and  sleeve  cold  worked  and  pos  I  reamed. 
Open-hole  fatigue  results  for  these  specimens  are  shown  on  line  4  of  figure  162  und 
compared  to  base-metal  coldworked  and  reamed-only  results  in  0.250-iueh-thiek  2Q24-T85 1 
in  lines  1 .  2.  and  3  of  the  same  figure.  The  results  -show  a  serious  loss  in  performance 
compared  to  the  tlikker  material,  with  only  a  slight  improvement  over  that  to  be  expected 
with  a  reamed-only  hole. 

Observation  of  the  specimens  disclosed  that  the  material  gage  allowed  it  to 
achieve  its  condition  of  lowest  potential  energy  via  oil-canning  or  dishing  at  each  hole,  thus, 
practically  eliminating  any  beneficial  compressive  prestressing  at  the  hole.  Tills*  lest  has 
disclosed  Hurt  a  serious  limitation  may  exist  in  applying  tltis  process  to  thin  gages,  especially 
those  in  sandwich  structures.  It  Is  highly  probable  that  the  flattening  of  such  dished  /ones, 
when  clamped  by  a  fastener  into  a  thicker  stack,  would  reestablish  the  de»hv.!  performance 
improvement,  but  that  was  not  tested  in  this  program.  In  addition,  the  limit  on  gage  for 
aluminum  where  this  loss  of  performance  in  unsupported  structure  ceases  to  Ire  a  problem 
has  not  been  defined.  Both  deserve  further  exploration.  Tests  discussed  in  later  sections  for 
the  steel  and  titanium  show  that  their  (Uglier  modulus  (greater  stiffness)  diminished  tIUs 
problem. 


(9)  Edge  Margin  and  Hole  Spacing  (Aluminum) 

Since  the  sleeve  coldworking  process  is  a  high-expansion  process  that 
depends  on  an  external  tensile  tangential  prestress  within  the  part  to  maintain  an  internal 
compressive  ingen tial  prestress,  some  consideration  must  be  given  to  edge  margin 
limitations,  especially  for  rework  situations.  For  this  test,  a  special  specimen  more 
representative  of  actual  edge  margin  conditions,  per  figure  7,  was  used.  All  tests  were 
conducted  with  open  holes.  Edge  margins  were  varied  between  1-1/2,  2,  and  2-1/2D.  Hole 
spacing,  at  2-1/2D  edge  margin  was  varied  between  3,  4,  and  5-1/4D.  Test  results  are  given  in 
figure  163.  Of  these  conditions,  the  only  one  that  showed  some  loss  in  performance  from 
the  standard  of  2D  edge  margin  and  4D  hole  spacing  was  the  1-1 /2D  edge  margin  condition. 
The  best  results  (although  only  slightly  so  and  with  more  scatter)  were  obtained  with  the 
2-1/2D  edge  margin  and  the  wide  5-1  /4D  hole  spacing.  Some  other  tests  conducted  within 
Boeing  have  indicated  that  the  limit  for  the  beginning  of  performance  loss  with  edge  margin 
is  at  I-3/4D,  although  the  loss  suffered  at  1-1/2D  was  not  severe.  Therefore,  hole  spacing 
down  to  3D  and  edge  margin  down  to  1-3/4D  should  be  considered  no  problem. 

(10)  Type  Fastener  System-Zero  Load  Transfer  Application  (Aluminum) 

The  30  ksi  maximum  net  stress  test  values  from  task  3  are  included  for 
net-fit,  protruding  head  Hi-L.oks  in  reamed  holes  and  coldworked  holes  and  for  protruding 
and  flush  head  Taperloks  in  lines  2  through  5  of  figure  164  for  comparison.  This  graphically 
shows  the  large  scatter  in  results  with  reamed-only  holes  and  with  tapered  fastener  holes, 
although  the  scatter  band  for  the  latter  is  admittedly  high  in  overall  performance.  It  also 
shows  the  loss  in  performance  suffered  by  the  flush  head  Taperlok  through  countersink 
failure  origins  that  make  its  performance  almost  equivalent  to  that  which  can  be  expected 
from  a  good  net-fit,  straight  shank  fastener  in  a  reamed  hole. 

(11)  Countersink  and  Countersink  Sequence  (Aluminum) 

The  previous  subsection  defined  the  effect  of  a  countersink  on  a  Taperlok 
system.  In  this  test,  the  effect  of  a  100°  countersink  and  its  preparation  sequence  (before  or 
after  coldworking)  on  the  fatigue  performance  of  a  flush  head  Hi-Lok  in  a  sleeve 
coldworked  hole  was  assessed.  The  results  are  shown  on  lines  6  and  7  of  figure  164. 

When  the  countersink  is  produced  after  the  sleeve  coldworking  operation, 
the  area  that  is  being  countersunk  has  already  been  prestressed.  Admittedly,  a  significant 
amount  of  metal  is  removed  from  this  zone  in  the  countersinking  operation,  but  apparently 
a  sufficient  prestress  remains  since  the  performance  is  actually  better  than  that  shown  in  the 
scatter  band  for  protruding  head  Hi-Loks  in  coldworked  holes.  The  fact  that  these  results 
are  slightly  better  with  a  high  metal  removal,  plus  the  fact  that  the  protruding  head 
Taperloks  are  also  somewhat  better,  indicates  that  the  improvement  may  be  related  to  a 
lesser  tensile  prestress  in  the  edges  of  the  specimen.  In  fact,  it  leads  one  to  question  the 
possible  merit  of  using  a  high  ooldworking  interference  to  achieve  a  sizable  affected  zone 
coupled  with  a  significant  postream  to  reduce  the  outer  tensile  prestress  levels.  The  trend 
toward  improved  performance  with  increasing  postream  amounts  tends  to  support  this 
hypothesis. 
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When  the  100°  countersink  is  produced  prior  to  coldworking,  the  result  with 
net-fit  Hi-Loks  in  the  holes  is  a  serious  loss  in  performance  (shown  on  line  7  of  figure  164) 
from  a  mean  value  of  approximately  1,000,000  cycles  to  individual  values  of  169,000, 
213,000,  and  508,000  cycles.  All  failure  origins  were  at  the  countersink-to-part  surface 
juncture.  Performance  loss  was  basically  equivalent  to  that  suffered  by  the  flush  head 
Taperloks. 


The  need  to  countersink  in  a  separate  operation  is  not  desirable  since  a 
one-shot  drill/countersink  operation  is  preferable  from  the  point  of  flow  time  and  assured 
hole/countersink  concentricity.  Nevertheless,  it  is  a  firm  requirement  if  the  intended  fatigue 
improvement  is  to  be  achieved.  Such  countersinking  operations  should  be  performed  with 
good-fitting  pilots  on  the  tools;  a  nonrotating  pilot  would  be  best.  An  even  better  approach 
with  regard  to  concentricity  control  and  lowest  labor  costs  would  be  to  incorporate  the 
countersink  with  the  reamer  for  a  one-shot  postreum/countersink  operation. 

The  requirement  to  countersink  after  coldworking  indicates  that  use  of  the 
sleeve  coldworking  process  for  a  rework  situation,  where  a  countersink  already  exists,  is  not 
a  valid  application  -especially  with  zero  to  low  load  transfer  and  hard,  nonupsetting 
fasteners.  A  valid  solution  is  not  clear-cut  and  there  aiea  number  of  alternatives.  However, 
all  of  them  require  verification  or  qualification  beyond  the  scope  of  this  program  (as 
originally  defined). 

(12)  Countersink  Angle  (Aluminum) 

Since  a  100°  countersink  has  a  relatively  large  major  diameter,  its  outer 
boundaries  cut  well  into  the  previously  prestressed  zone.  In  the  planning  of  this  program,  it 
was  anticipated  that  a  70°  countersink  (with  a  70°  head  fastener)  would  remove  less  of  this 
beneficially  prestressed  zone  and  would,  thus,  prove  to  be  advantageous.  This  test  was 
designed  to  confirm  or  disprove  that  theory.  The  results  are  shown  on  line  8  of  figure  164. 

The  test  produced  some  totally  unanticipated  results.  A  severe  loss  in  fatigue 
performance  occurred  with  the  70°  countersunk  hole  that  fell  Into  the  zone  of  performance 
one  would  expect  for  an  unfilled  (open)  coldworked  hole.  Observation  of  the  fracture  faces 
disclosed  a  severe  fretting  and  erosion  at  the  bottom  of  the  countersinks  on  the  90*  and  270® 
sides  relative  to  load  axis.  Further  investigation  disclosed  that  the  actual  countersink 
included  angle  was  73°  and  the  fastener  head  was  69’  which  led  to  contact  primarily  at  the 
bottom  of  the  countersink.  The  failure  origins,  however,  were  not  located  al  the  area  of 
fretting  but  ut  the  top  edge  of  the  countersink.  Thus,  the  lack  of  support  was  more  severe 
than  the  fretting. 

Further  investigation  of  the  previous  100*  Included  unglw  countersink 
installations  disclosed  that  there  was  u  discrepancy  in  angles  there  also.  In  this  case,  (lie 
countersink  was  102*  and  the  head  was  100°.  The  same  type  of  performance  result  did  not 
occur,  however,  with  the  100*  head  installations.  Analyses  indicate  that  this  is  probably 
based  on  the  greater  flexibility  of  the  100*  head  in  allowing  the  torque  pt  cloud  to  seat  it  and 
fully  support  the  countersink;  whereas,  the  relative  rigidity  of  the  70*  head  would  not  us 
readily  accommodate  a  mismatch. 


Thus,  the  100°  head  design  remains  as  a  good  choice.  However,  it  has  become 
apparent  that  closer  controls  need  to  be  exercised  on  countersink  angles,  head  angles, 
countersink  perpendicularity,  and  countersink  concentricity  than  the  probable  norm  in 
the  past. 


(13)  Fastener  Fit-Zero  Load  Transfer  (Aluminum) 


All  straight  shank  fastener  tests  conducted  to  this  point  in  the  program  had 
fasteners  installed  in  a  fit  as  close  to  net  as  could  be  achieved  by  measuring  actual  fastener 
diameters  and  selecting  reamers  accordingly.  This  test  series  assessed  the  relative  impact  of 
using  0.002-inch  clearance  fits  (on  the  diameter)  or  0.002-inch  interference  fits  in 
3/8-inch-diameter  holes.  This  proved  to  be  an  important  test  with  some  previously 
unanticipated  results.  The  fatigue  test  results  are  shown  on  lines  9  and  10  of  figure  164. 

Two  of  the  three  clearance-fit  fastener  installations  produced  results  within 
the  scatter  band  to  be  anticipated  for  net-fit  fasteners  in  coldworked  holes  and  one  at  the 
high  end  of  the  band  for  open  coldworked  holes.  Ail  failure  origins,  however,  were  at  the 
corners  of  the  specimens  (away  from  the  holes);  whereas,  open  coldworked  holes  always 
have  failure  origins  at  the  hole.  Fracture  analyses  of  the  lower  performance  specimen 
disclosed  no  detectable  damage  near  the  edge  failure  origin  that  might  have  precipitated 
premature  failure.  It  did  disclose  a  fairly  large  bulge  at  the  corner  from  shot  peening  (not 
uncommon)  that  may  have  created  an  adverse  stress  condition.  Since  this  failure  has  no 
other  explanation,  this  conclusion  must  be  accepted.  If  it  is  correct,  it  would  imply  that  care 
should  be  exercised  to  ensure  45°  shot  peening  of  edge  corners  after  the  major  shot  peening 
is  completed.  As  previously  noted,  open  holes  and  reduced  prestress  in  countersinks  coupled 
with  fastener  mismatch  have  a  significant  impact  upon  performance;  whereas,  a  0.002-inch 
clearance  fit  In  this  case  does  not.  Until  more  data  are  available  to  answer  the  question  of  a 
specific  dimensional  limit,  the  0,002-inch  limit  wit)  have  to  be  accepted, 

The  fatigue  results  with  the  0.002-inch  interference  fit  fastener  were  the 
lowest  of  any  of  this  fillcd-hole  series  for  the  figure  2  zero-load-transfer  coupons.  Previous 
Boeing-funded  test  work  in  2024-1151  with  the  lower  mandrel-to-holc  interference 
currently  in  use  us  a  standard  did  not  show  any  loss  in  performance  when  using  a  low-level 
interference-fit  fastener.  Fracture  analyses  of  the  interference-fit  specimens  in  this  section 
disclosed  that  failure  origins  were  all  located  at  the  specimen  corners.  In  each  case,  there 
were  multiple,  very  definitely  defined  origins  with  very  short  fatigue  crack  lengths  and 
large-area  ductile  failures  us  if  the  specimen,  in  general,  was  overloaded.  Apparently,  the 
combination  of  the  tensile  prestresses  (that  support  the  compressive  prestresses)  from  the 
so-called  optimum  interference  coldworking,  plus  the  tensile  prestresses  from  the 
interference-fit  fastener,  actually  did  just  that  overloaded  the  specimen.  Thus,  /.ero-load- 
trunsfur  applications  should  not  use  an  interference-fit  fastener  with  optimum  interference 
coldworking  and  a  st  Jard  postream.  Alternatives  for  interference-fit  installations  would  be 
use  of  a  larger  postaum  to  reduce  tensile  stresses  away  from  the  hole  (while  stilt  maintaining 
a  large-area  compressive  zone)  or  lower  interference  standards  for  coldworking  similar  to 
those  in  the  Boeing  Company's  original  standards  for  the  process. 


This  brings  up  another  probability  on  process  sequencing  or  control.  When 
hand-driven  rivets  are  used  with  coldworking  to  achieve  fatigue  performance  and  the  shanks 
are  upset  into  an  82°/30°  countersink,  the  countersink  area-  will  probably  see  a  reasonably 
high  interference  whereas  the  shank  area  will  not.  Therefore,  it  may  be  advisable  to 
coldwork  after  countersinking  for  this  type  application.  Some  limited  Boeing  data  with  this 
type  of  installation  and  lesser  coldworking  interference  tend  to  support  this  probability. 
These  results  should  not  be  construed  as  a  blanket  indictment  of  interference  fits  in 
optimum  coldworked  holes.  These  results  are  relative  to  zero  or  low  load  transfer.  The  later 
section  on  high  load  transfer  discloses  some  different  results. 

(14)  Adjacent  Hole  Not  Coldworked  (Aluminum) 

In  the  application  of  a  process  such  as  coldworking,  there  are  often  finite 
zones  of  the  structure  where  its  benefits  are  deemed  necessary.  On  the  boundaries  of  such 
zones,  a  transition  would  be  required  to  noneoldworked  hole/fastener  installations.  It  is  this 
transition  that  was  of  concern  in  these  tests  since  some  photostress  panels  in  high-strength 
steel  prior  to  this  program  showed  a  possibility  that  a  coldworked  hole  adjacent  to  a 
noneoldworked  hole  might  produce  some  detrimental  stress  risers  in  the  noneoldworked 
hole.  In  this  test,  only  one  of  the  two  holes  in  each  figure  2  specimen  was  coldworked.  The 
other  hole  was  as-reamed.  Each  hole  had  a  net-lit  lli-Lok  installed  in  it.  The  hole  spacing 
was  the  conventional  4D  spacing  relatively  common  in  practice  and  used  as  a  standard 
within  this  program,  unless  hole  spacing  perse  was  being  evaluated.  The  intent  was  to 
compare  the  fatigue  life  performance  of  the  noneoldworked  hole  (with  an  adjacent 
coldworked  hole)  to  that  of  the  reamed,  fillcd-hole  specimens  tested  in  task  3.  The  results 
are  shown  on  line  1 1  of  figure  164.  The  performance  of  these  specimens  was  surprisingly 
good  with  the  performance  of  two  specimens  falling  within  the  scatter  band  for  coldworked, 
filled  holes  and  the  third  within  the  scatter  band  for  an  open  coldworked  hole.  Failure 
origins  for  the  two  higher  performance  specimens  were  actually  in  the  coldworked  holes; 
failure  origin  in  the  lower  value  specimen  was  in  the  noneoldworked  hole.  Therefore,  some 
benefit  from  the  prestress  field  was  apparently  gained  in  the  noneoldworked  hole.  Since  the 
results  from  all  specimens  were  above  the  scatter  band  to  be  anticipated  for  reamed,  filled 
holes,  this  situation  should  cause  no  concern  in  conventional  applications  of  the  process. 
Hole  spacing*  closer  ttum  4D  may  require  some  test  verification  of  application  validity. 

(15)  Prior  Fatigue  Crack  (Aluminum) 

Any  fatigue  improvement  fastening  system  must  be  considered  not  only  for 
production  applications,  but  also  for  field  rework,  overhaul,  and  extended-life  modifica- 
.  lions.  In  rework,  the  question  arises  relative  to  oversi/ing  the  holes  (to  remove  damaged 
material)  and  what  happens  if  alt  of  an  undetected  crack  is  not  removed?  In  this  test, 
specimens  were  prepured  by  drilling  an  undersize  hole  and  fatigue  cycling  the  specimen  to 
start  an  actual  fatigue  crack  from  a  jeweler’s  saw  cut  within  the  hole.  Tito  holes  were  then 
reamed  to  precoldwork  size,  which  left  approximately  a  0.030-lnch-long  crack  at  time  of 
coldworking.  After  coldworking  and  postreaming,  this  crack  length  was  reduced  to 
approximately  0.020  inch  prior  to  fatigue  testing. 

Results  (line  1 2.  figure  164)  from  two  of  the  specimens  fell  at  the  low  end  of 
the  Fihed-hole  coldwork  scatter  band,  with  the  failure  origins  along  the  edge  of  the 


specimen;  the  original  precracks  at  the  hole  evidenced  no  detectable  growth.  The  third 
specimen  had  a  low-performance  equivalent  to  the  low  end  of  the  scatter  band  for  a 
reamed-only  filled  hole.  Failure  analyses  showed  that  the  original  crack  was  longer  than  it 
was  thought  to  be  and.  in  fact,  had  a  belly  in  the  center  that  made  this  hidden  portion  much 
longer.  The  relative  initial  lengths  were  0.1 20  and  0.240  inch,  respectively. 

(16)  Low  Load  Transfer  (Aluminum) 


The  skin/stringer  simulation  1 5-hole  fatigue  specimen  (fig.  8)  was  included  in 
the  program  to  assess  the  effect  of  low  load  transfer  upon  the  fatigue  performance  of 
coidworked  holes  and  to  assess  what  effects,  if  any,  a  production  sequence  would  have  on 
performance.  To  assess  this,  one  group  of  specimens  was  subjected  to  the  total  process  of 
hole  drilling,  coldworking,  postreaming,  and  fastener  installation,  one  hole  at  a  time,  to 
prevent  any  buildup  of  differential  expansion  stresses  between  the  two  different  width 
members  of  the  specimen.  Another  group  was  assembled  with  a  “production”  process;  that 
is,  all  holes  were  drilled  and  then  every  fifth  hole  was  coidworked,  postreamed.  and  the 
fastener  installed  before  the  remainder  of  the  holes  were  completed. 


In  all  of  these  specimens,  the  holes  were  postreamed  for  a  close  net  fit  of  the 
Hi-Lok  fastener,  A  further  group  of  specimens  was  not  postreamed  and  the  fasteners 
installed  with  a  close  net  fit  to  the  minor  diameter  of  the  hourglassed  hole,  This  required 
adjusting  the  starting  hole  and  mandrel  diameters  to  utilize  standard  fasteners.  This  group  of 
specimens  was  aimed  at  assessing  the  real  need  for  postreaming  to  achieve  a  good  net  fit  for 
the  fastener  throughout  its  length  under  low-load-transfer  situations. 


One  other  group  of  15-hole  specimens  that  represented  only  the  stringer 
portion  of  the  dual  specimen  was  run.  This  specimen  is  shown  in  figure  9.  The  intent  of  this 
test  wus  to  correlate  results  based  on  a  different  design  of  specimen  and  different  test  speeds 
with  previous  zero-load-trausfer  coupon  (fig.  I )  test  results. 


These  specimens  were  not  all  tested  at  the  same  net  stress  because  of 
operator  error  between  net  urea  and  gross  area  test  methods.  However,  the  actuul  net 
stresses  that  resulted  were  equivalent  to  a  40  ksi  stress  level  used  in  S-N  testing,  and 
adequate  performance  comparisons  can  be  made. 

Figure  165  duta  is  plotted  for  this  40  ksi  net  stress  and  shows  that  for  this 
test  stress  that  neither  the  specimen  design,  the  testing  frequency,  the  load  transfer,  the 
assembly  sequence  nor  the  lack  of  a  postream  had  any  effect  upon  altering  the  performance 
to  be  anticipated  with  a  zcro-load-transIVr  single-thickness  specimen.  The  origins  of  failure 
in  the  stringer-only  15-hole  specimens  were  all  at  the  edge  corners  of  the  specimen  away 
from  the  hole.  The  existence  of  some  interlace  fretting  plus  the  toad  transfer  in  the 
skin/stringer  specimens  caused  the  primary  origins  of  failure  to  be  in  the  skin  at  the 
skin/stringer  interface  and  hole  junction.  Many  of  the  origins  were  also  at  a  45*  location  to 
the  load  axis,  which  Is  typical  of  a  htad-trunsfer-type  failure.  Nevertheless,  at  this  test  stress 
and  associated  tile,  the  load  transfer  and  fretting  were  apparently  not  significant  enough  to 
cause  any  loss  in  performance. 


The  fact  that  differential  expansion  stresses  caused  by  using  a  production 
sequence  technique  does  not  cause  any  change  in  performance  is  important  to  know  because 
a  one-hole-at-a-time  technique  would  be  totally  impractical.  The  fact  that  eliminating  the 
postream  for  this  low-load-transfer  application  did  not  cause  any  loss  of  performance  offers 
some  potential  for  cost  savings;  further  verification  at  different  stress  levels  appears 
advisable  before  such  an  approach  would  be  used  extensively.  The  actual  practicality  of  not 
using  a  postream  is  also  questionable  since  it  would  require  precise  presizing  of  the  starting 
hole  and  precise  knowledge  of  springbuck.  The  current  system  allows  some  flexibility  in 
this  regard. 


When  the  net  area  stress  is  reduced  to  30  ksi  (fig.  166),  the  fatigue 
performance  for  the  15-hole  load  transfer  specimen  (fig.  8)  improves  from  approximately 
150,000  cycles  to  approximately  265,000  cycles;  however,  this  result  is  now  well  below  the 
600.000  to  800.000  cycles  achieved  with  the  zero-load-transfer  specimens.  Thus,  the 
combination  of  the  load  transfer  and.  possibly,  the  fretting  at  the  interface  is  apparently 
now  causing  some  loss  of  potential  performance  at  the  longer-life  stress  level.  If  fretting  is 
causing  some  of  this  loss,  it  can  be  prevented  with  the  shim  technique  discussed  in  the 
high-load-transfer  section.  The  use  or  injection  of  micarta  shims  may,  however,  be  rather 
difficult  to  accomplish  in  rework  situations  where  parts  are  not  disassembled. 


The  15-hole  specimens  did  disclose  something  else  worth  noting.  The  trend 
in  specimen  design  is  to  simplify  the  specimens  to  reduce  size  and  the  number  of  fasteners  in 
them.  However,  when  a  specimen  has  a  large  number  of  holes  in  it,  it  has  been  theorized 
that  the  test  results  should  more  accurately  represent  the  statistical  lower  side  of  the 
scatter  band.  The  results  from  these  1 5-hole  specimen  tests  tend  to  support  this  theory  since 
the  results  were  extremely  consistent  and  very  tightly  grouped. 


(17)  High  Load  Transfer  (Aluminum) 


Load  transfer  across  a  joint  creates  a  special  problem  of  stress  concentration 
at  the  joint  interface.  Whereas,  in  a  zero-load-trunsfer  situation  the  failure  origin  can  often 
be  driven  away  from  the  hole,  this  has  not  proven  to  be  possible  with  a  high-loud-trunsfcr 
situation.  An  additional  problem  may  reach  a  level  of  significance  in  high-load-transfer 
joints  fretting  at  the  interface.  Under  some  conditions,  the  latter  situation  may  become 
paramount,  with  the  fretting  mode  of  failure  masking  or  superseding  ail  other  conditions 
induced  to  improve  performance  Interface  fretting  problems  are  of  special  importance  with 
sleeve  coldworking  since  the  surface  upsetting  that  is  produced  at  each  hole  can  create  a 
condition  of  localized  bearing  and  high  contact  pressures.  For  this  reason,  the  test  program 
included  the  use  of  micarta  shims  at  the  interface  of  the  joint  for  most  of  the  test 
specimens.  Some  specimens  were  also  run  without  shims  and  some  without  shims  and  the 
surface  upset  removed  to  assess  the  comparative  effects.  The  specimen  design  was  a 
double-sltcar  type  per  figure  10.  Fastener  systems  included  for  comparison  with  /ero-load- 
t runnier  results  and  one  another  were; 


•  Net-tit,  protruding  head  Hi-Lok  lit  cold  worked  hole 

•  Net-fit,  flush  head  Hi-Lok  itt  cotdworked  hole 
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•  Clearance-fit,  protruding  head  Hi-Lok  in  coldworked  hole 

•  Interference-fit,  protruding  head  Hi-Lok  in  coldworked  hole 

•  Protruding  head  Taperlok 

•  Flush  head  Taperlok 

The  primary  shim  used  with  the  aluminum  specimens  was  a  smooth  sheet  of 
micarta  0.010  inch  thick.  One  test  used  a  sand-blasted  sheet  of  micarta  0.050  inch  thick, 
similar  to  the  materia!  often  used  in  grips  of  fatigue  test  machines.  The  design  of  the 
specimen  was  in  error  relative  to  evaluation  of  flush  head  fasteners  since  the  side  plates  were 
equal  in  thickness  to  the  center  plates.  Thus,  the  stress  in  the  side  plates  was  half  that  of  the 
center;  a  countersink  in  a  side  plate  could  not  achieve  major  importance  under  this 
condition.  Subsequent  tests  in  steel  and  titanium  had  the  side  plates  reduced  in  thickness  to 
rectify  this  situation. 

The  test  results  for  the  high-load-transfer  portion  of  the  program  are  shown 
on  lines  4  through  13  of  figure  167.  Lines  1  through  3  represent  data  from  zero-load- 
transfer  coupons,  per  figure  2  for  comparison. 

For  net-fit  fasteners  in  rcamed-only  holes,  the  load-transfer  situation  caused 
very  little  loss  in  performance  relative  to  the  zero  load  transfer.  For  net-fit  fasteners  in 
coldworked  holes,  the  load-transfer  situation  caused  a  reduction  in  the  performance  band 
from  a  range  of  600.000  to  9S0.000  cycles  to  one  of  370.000  to  580.000  cycles.  The  use  of 
a  0.002-inch  clearance-fit  fastener  reduced  this  range  further  to  one  of  280,000  to  355,000 
cycles.  Use  of  an  interference  fit  of  0.002  inch  did  not  have  the  detrimental  effect  shown 
with  zero  load  transfer  and  actually  produced  an  improvement  in  performance  to  a  range 
equivalent  to  that  to  be  expected  with  zero  load  transfer  at  optimum  performance. 

Tapcrloks  proved  to  be  equivalent  to  net-fit  Hi-Loks  in  coldworked  holes 
under  the  high-load-transfer  conditions  but  not  equivalent  to  the  interference-fit  Hi-Loks  in 
coldworked  holes. 

The  0.010-inch  micarta  shim  proved  to  be  very  durable  in  these  tests  and  did 
not  break  down  sufficiently  to  allow  any  metallic  contact,  it  should  be  noted  that  the 
surface  upset  for  3/8-inch-diameter  aluminum  holes  is  on  the  order  of  0.003  to  0.004  inch. 
Therefore,  the  0.010-inch  shim  would  prove  to  be  adequate  to  prevent  metallic  contact. 
Increased  upset  with  large  diameter  holes  or  different  materials  (steel  and  titanium)  may 
requite  adjustment  of  tltc  shim  thickness.  Tests  with  a  rough  0.050-inch  micarta  shim  were 
too  limited,  and  results  were  such  that  conclusions  could  not  be  drawn.  The  removal  of  the 
micarta  shims  to  allow  metal-to-metal  contact  at  the  interface  proved  to  Ire  detrimental  for 
the  2024-T85 1 .  although  no  more  so  than  using  clearance-fit  fasteners.  Failure  analyses  of 
these  conditions  did  show  significant  fretting  at  the  interface  and  secondary  cracks  initiating 
immediately  beyond  the  fretted  zone.  Removal  of  the  surface  upset  and  testing  without  an 
interface  micarta  shim  produced  a  definite  improvement  in  fatigue  performance  over  that 
obtained  with  the  upset  not  removed  and  no  shims  in  place;  however,  the  scatter  in  results 
was  beyond  acceptability. 


The  interface  fretting  that  occurred  on  specimens  without  micarta  shims  was 
solely  on  the  first  hole  toward  the  load  and  solely  on  the  half  of  the  periphery  of  that  hole 
toward  the  load.  This  certainly  indicates  that  an  in-line  load  transfer  joint  using  hard 
fasteners  is  highly  questionable  in  its  effectiveness  beyond  the  first  fastener;  it  also  indicates 
that  the  cost  of  this  type  specimen  could  be  reduced  by  using  only  four  fasteners  instead  of 
the  eight  in  the  design  tested. 

The  results  of  this  test  sequence  show  that  (1 )  the  micarta  shim  is  a  definite 
advantage  with  sleeve  eoldworked  holes  in  aluminum  structure  and  (2)  an  interference  fit  is 
also  a  definite  advantage  with  sleeve  eoldworked  holes  under  high-load-transfer  conditions. 


2.  TITANIUM 

a.  Phase  II:  Task  1  -Base  Metal  Performance  (Titanium) 

Results  from  base  metal  fatigue  tests  for  the  annealed  Ti-6A1-4V  titanium, 
conducted  with  figure  2  type  specimens  (no  holes),  are  plotted  as  an  S-N  scatter  curve  in 
figure  173.  In  comparing  these  results  to  the  2Q24-T851  results,  the  Ti-6AL-4V  produces 
1,000,000  cycles  at  approximately  88  ksi  whereas  the  2024-T85I  does  so  at  approximately 
27  ksi  when  there  are  no  stress  concentrating  factors  such  as  fastener  hoies  involved. 

No  particular  significance  is  being  attached  to  the  base  metal  values  per  se  in  this 
report.  They  are  intended  to  serve  solely  as  “real-world"  references  or  baseline  values  to 
assess  the  relative  performance  of  other  conditions. 

Figure  170  gives  comparative  base  metal  values  (at  115  ksi  maximum  net  area 
stress)  for  the  annealed:  STA  and  STOA  heat  treat  conditions  of  both  the  T1-6AI-4V  and 
Ti-6AI-4V-2Sn  titanium  alloys.  For  the  TI-6AI-4V,  neither  the  STA  or  STOA  heat  treat 
conditions  provides  an  improved  fatigue  performance  over  the  annealed  condition  with  the 
STA  condition  exhibiting  wide  scatter  and  a  generally  lower  log  mean  performance.  The 
annealed  Ti-6At-6V-2Sn  alloy  also  exhibits  a  lower  performance  than  the  annealed 
Ti-6AI4V.  The  Ti-6Al-6V*2Sn  STA  heat  treat  condition  is  equivalent  to  the  annealed 
Ti-6AI-6V-2Sn  although  the  STOA  condition  is  better,  but  only  equivalent  to  the  annealed 
TF6AI4V.  Huts,  with  no  stress  concentrations  from  fastener  holes,  the  annealed  Ti-6A14V 
titanium  appears  to  be  the  best  selection  of  alt  for  fatigue  performance. 

b.  Ptuise  11:  Task  2- Basic  Open-Hole  Data  (Titanium) 

Figure  169  contains  S-N  scatter  band  curves  for  reamed  open  holes  and 
eoldworked  open  holes  in  annealed  Ti-6AI4V  titanium.  These  data  were  generated  with 
figure  2  type  coupons.  The  open  holes  are  3/8-tneh  diameter;  the  eoldworked  holes  are 
eoldworked  to  a  0.0 19-inch  interference  vulue  (selected  in  phase  hand  then  postreamed  to 
nominal  si/e  (dimensions  specified  in  the  data  sheets  in  volume  II).  It  should  be  noted  that 
all  eoldworked  holes  in  titanium  in  phase  I i  were  eoldworked  with  this  optimum 
interference  vulue;  the  specific  value  for  interference  will  not  generally  be  defined  for  each 
case  in  the  text. 


Open  hole  fatigue  performance  for  the  annealed,  STA  and  STOA  conditions  in 
the  Ti-6A1-4V  and  Ti-6Al-2Sn  alloys  with  open  reamed  holes  and  open  coldworked/ 
postreamed  holes  is  shown  in  lines  1  and  2  of  figures  171  and  172.  These  values  were 
generated  at  a  70  ksi  maximum  net  area  test  stress  (R  =  0.1).  There  are  some  slight 
differences  between  the  alloys  and  heat  treat  conditions;  but  basically,  the  performance  of 
all  reamed  holes  for  all  conditions  fall  into  one  group  with  a  mean  performance  of 
approximately  30,000  cycles,  and  the  coldworked  holes  all  fall  into  another  group  with  a 
mean  performance  of  approximately  60,000  cycles. 

Reference  to  figure  182  will  show  that  fatigue  failure  origins  for  all  of  the  open 
holes  were  at  the  holes  and  were  not  localized.  In  fact,  almost  all  test  conditions  with 
titanium  specimens  resulted  in  relatively  similar  failure  origin  patterns.  In  general,  this  lack 
of  finite,  localized  failure  origins  would  tend  to  indicate  that  adequate  prestressing  (via 
coldworking)  is  not  being  applied.  Test  work  in  phase  1,  however,  indicated  that  higher 
prestressing  tended  to  produce  excessive  scatter.  As  will  be  seen  in  later  discussion  of  other 
tests,  results  with  titanium  did  not  always  follow  the  theoretical  pattern  that  should  be 
expected.  This  may  be  a  combined  result  of  texturing,  material  directionality,  and  a 
susceptibility  to  the  Buuschinger  effect.  The  latter  is  a  tendency  for  a  material  to  lose  yield 
strength  in  one  direction  when  plastic  deformation  occurs  from  a  stress  in  the  opposite 
direction. 

e.  Phase  il:  Task  3-Bastc  Filled-Hole  Data  (Titanium) 

Baseline  S-N  scatter  curves  for  filled  holes  are  plotted  in  figures  173  and  174.  As 
can  be  seen  (by  referring  to  open  hole  S-N  data  in  figure  169),  Introduction  of  a  net-fit 
fastener  in  the  hole  boosts  the  fatigue  performance  of  the  Ti*6AI-4V  at  70  ksi  maximum  net 
stress  from  30,000  cycles  to  80.000  cycles  for  reamed-oitly  holes  and  from  60,000  cyeles  to 
500.000  cycles  lor  coldworked  holes. 

Figure  174  gives  S-N  scatter  curve  data  for  protruding  head  and  flush  head 
Taperlok  fasteners  in  Ti-6AI-4V,  A  scatter  curve  is  shown  only  for  the  100  flush  head 
Taperloks  since  the  data  for  the  protruding  head  version  of  this  fastener  was  too  excessively 
scattered  to  plot  It.  The  upper  limit  for  the  flush  head  Taperlok  S-N  scatter  curve  is  basically 
equivalent  to  the  upper  limit  of  the  S-N  scatter  curve  for  the  net  fit,  protruding  head 
Hi-Loks  in  coldworked  holes;  however,  the  Taperlok  curve  is  wider  from  more  scatter.  This 
result,  again,  is  an  anomaly  for  the  titanium  since  flush  head  Taperloks  in  uluminum  provide 
little  better  performance  than  net-fit  fasteners  in  reamed  holes  (because  of  the  lack  of 
prestressing  in  the  countersink)  and  the  same  loss  does  not  occur  in  the  titanium.  The  holes 
prepared  for  these  Taperlok  Installations  were  prepared  with  care  under  laboratory 
conditions.  Protrusion  values  and  tolerances  were  equivalent  to  those  specified  in  the 
aluminum  section. 

Alloy  and  heat  treat  condition  comparisons  for  basic  filled  holes  are  shown  in 
lines  3  and  4  of  figures  171  and  1 72.  As  with  open  holes,  neither  the  I'i-6AI-6V-2Sn  alloy  or 
any  heat  trout  condition  for  either  alloy  produced  better  results  tluin  those  achieved  with 
the  annealed  Ti-6AI-4V  alloy.  With  both  uiloys  the  annealed  conditions  produced  the  best 
fatigue  performance  with  coldworked  holes. 


d.  Phase  II:  Task  4- Application  and  Process  Performance  Parameters  (Titanium) 

With  exception  of  the  multimaterial  1 5-hole  skin/stringer  coupons  of  Ti-6A1-4V 
titanium  and  2024-T85 1 ,  all  other  Ti-6Ai-4V  titanium  coupons  in  this  section  were  tested  at 
a  maximum  net  area  test  stress  of  70  ksi  (R  =  0. 1 ). 

( 1 )  Hole  Finish  and  Program  Correlation  (Titanium) 

Open  hole  values  shown  in  figure  175  were  obtained  at  65  ksi  maximum  net 
area  stress  for  comparisons  of  results  with  those  obtained  in  the  “Precision  Hole 
Generation”  program  conducted  at  McDonnell  Aircraft  Company  (AFML-TR-73-135). 
Basically,  the  honed-only  open  holes  were  intended  as  the  primary  comparison  tool. 
McDonnell  test  specimens  were  basically  the  same  configuration  as  those  in  this  program 
within  the  test  section  of  the  specimen.  The  only  differences  were  loading  methods  (grip 
design),  test  frequency,  and  test  equipment.  They  loaded  their  specimens  with  a  single  large 
pin  in  each  end,  whereas,  we  used  a  bolted  friction  grip.  They  tested  their  specimens  in 
Sonntag  SF-10  machines  at  1800  cpm  test  frequency;  we  tested  the  majority  of  ours  in 
Amsler  Vibraphore  machines  at  4000,  5000.  and  6000  cpm. 

The  honed  hole  specimens  in  our  program  produced  roughly  60,000  cycles 
at  this  test  stress  and  the  McDonnell  specimens  roughly  80,000  cycles.  This  is  not  a 
significant  difference  and  can  be  basically  considered  equivalent  performance  -especially  in 
light  of  some  of  the  material  property  differences  encountered  with  titanium  in  this 
program.  Comparisons  of  rcumed-only  open  holes  at  55  ksi  bear  this  assumption  out:  their 
results  ranged  from  65,000  cycles  to  80.000  cycles  and  ours  ranged  from  55.000  cycles  to 
105.000  cycles.  Thus,  across-the-board  comparisons  of  results  appear  to  be  valid  with  no 
significant  impact  from  testing  method  or  frequency. 

The  honed-only  open  holes  showed  slightly  better  fatigue  performance  than 
the  reamed-only  open  holes  although  the  finish  was  basically  equivalent  at  30  RHR. 
Properly  drilled  holes  had  a  finish  near  55  RHR.  and  abusively  drilled  holes  a  finish  between 
65-75  RHR.  Reference  to  lines  2  through  5  of  figure  176  shows  that  a  cotdworked  hole  that 
was  properly  drilled  has  a  fatigue  performance  basically  within  the  scatter  hand  of  results 
for  reamed  and  coldworked  holes:  however,  the  abusively  drilled  holes  do  show  a  slight  loss 
in  performance.  The  finish,  though,  is  not  significantly  different  for  the  abusively  drilled 
hole  and  falls  well  within  the  1 25  RHR  finish  limit  often  used  for  drilled  holes.  Three 
possible  conclusions  arise: 


•  Finish  control  for  prccoldworkcd  holes  in  titanium  is  not  a  meaningful  method  of 
control. 

•  Quality  of  prccoldworkcd  holes  in  titanium  is  not  significantly  important. 

•  litis  situation  should  be  assessed  with  filled  holes  since  the  range  between  open 
reamed  boles  and  open  coldworked  holes  is  not  overly  targe,  and  small  differences 
could  prove  to  be  more  significant  in  filled  holes. 


Since  precise  control  of  drilling  operations  and  tool  sharpness  is  difficult,  it 
would  appear  wise  to  require  prereaming  of  holes  for  coldworking  in  titanium  until  more 
data  is  available  on  this  subject. 

(2)  Sleeve-Split  Location  (Titanium) 

Lines  2  and  3  of  figure  1 76  compare  orientation  of  the  split  location  in  the 
coldworking  sleeve.  Line  2  location  is  in  line  with  the  specimen  load  axis  (the  area  of 
minimum  stress)  and  line  3  location  is  at  90°  to  the  other  (the  area  of  maximum  stress).  The 
mean  performance  of  the  adverse  location  is  actually  slightly  better,  but  is  within  the  scatter 
range  and  must  be  considered  basically  equivalent.  Also,  failure  origins  were  on  both  sides  of 
the  holes.  Thus,  as  with  the  aluminum,  the  titanium  material  is  not  sensitive  to  the  location 
of  the  sleeve  split  under  zero-load-transfer  situations.  The  previously  discussed  surface  upset 
discontinuity  from  the  sleeve  split  might  prove  to  be  a  problem  with  load-transfer 
applications. 

(3)  Process  Predamage  (Titanium) 

This  subject  has  been  covered  in  the  subsection  on  hole  finish. 

(4)  Process  Postdamage  (Titanium) 

In  this  test,  holes  that  hud  been  sleeve  coidworked  and  postreumed  were 
deeply  scored  with  a  sharp  tool  at  a  position  90°  to  the  load  axis  and  in  line  with  the  hole 
axis.  Only  one  of  the  two  holes  in  each  figure  2  specimen  was  so  scored.  Holes  were  tested 
in  the  open  condition,  Results  are  shown  on  line  7  of  figure  1 76.  All  failure  origins  were  at 
the  score,  but  the  fatigue  performance  of  alt  specimens  were  equivalent  to  unscored  holes. 
Again,  the  coldworking  process  has  demonstrated  its  luck  of  sensitivity  to  the  type  of 
damage  that  can  often  occur  in  reaming,  broaching,  or  bolt  insertion  an  important  factor  to 
manufacturing,  quality  control,  and  engineering. 

(5)  Postreaming  Allowables  (Titanium) 

In  this  series  of  tests,  the  open-hole  fatigue  performance  with  no  postream 
and  postreams  of  1/64.  1/32,  and  t/16  inch  on  the  diameter  were  compared  to  results 
obtained  with  a  standard  postream.  The  standard  postream  is  currently  on  the  order  of 
0.006  to  0.010  inch  on  the  diameter.  The  results  are  shown  on  lines  6  and  8  through  10  of 
figure  1 76  and  should  be  compared  to  the  standard  shown  on  line  2  of  the  same  figure.  As 
shown,  no  postreaming  produces  results  towards  the  high  end  of  the  scatter  band  and  a 
I /64-inch  postream  toward  the  low  end  of  the  scatter  band.  The  increased  postreants  of 
1/32  and  1/16  inch  showed  a  very  slight  loss  in  results,  but  within  what  appears  to  be 
acceptable  limits.  Titus,  these  results  would  indicate  that  a  number  of  successive  oversizing 
operations  could  be  exercised  for  repair  or  rework  without  recoldworking  the  hole.  The 
results  also  indicate  that  no  poslrcambtg  should  be  necessary  for  holes  that  remain  open 
such  as  clearance  and  drain  holes. 
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(6)  Square-Wire  Sleeve  (Titanium) 

The  square-wire  sleeve  concept  was  tested  and  discussed  in  some  depth  in  the 
section  on  aluminum.  When  an  attempt  was  made  to  use  it  to  coldwork  holes  in  Ti-6AI-4V 
fatigue  specimens,  the  square  cross  section  of  the  wires  in  the  sleeves  were  plastically 
deformed  from  a  square  section  to  a  trapezoidal  one.  Damage  to  the  sleeve  was  excessive, 
and  the  approach  must  be  rated  as  being  totally  unacceptable  at  this  time  for  titanium. 
Further  testing  with  different  size  wire  cross  sections  to  determine  if  this  difficulty  could  be 
averted  was  not  attempted. 

(7)  Material  Thickness  (Titanium) 

In  this  test,  specimens  were  fabricated  from  0.060-ineh-thiek  Ti-6AI-4V 
titanium  and  sleeve  coldworked  and  postreamed.  Open-hole  fatigue  test  results  for  these 
specimens  are  shown  on  line  4  of  figure  1 77  and  compared  to  base  metal,  reamed-only  and 
coldworked  test  results  in  lines  l .  2,  and  3  of  the  same  figure.  At  70  ksi  maximum  net  area 
test  stress,  the  reamed  holes  in  the  0.250-inch  material  gave  approximately  30.000  cycles, 
the  coldworked  holes  in  the  0.250-inch  material  approximately  70,000  cycles,  and  the 
coldworked  holes  in  the  0.060-inch  material  approximately  55,000  cycles.  The  loss  in 
perfortiMwa-  from  sheet  thickness  is  not  of  the  magnitude  with  the  titanium  that  was 
encountered  with  the  0.060-inch  material  in  aluminum.  The  reason  for  this  probably  lies 
with  the  higher  elastic  modulus  of  the  titanium,  which  inhibits  dishing  around  the  hole  and 
a  resultant  loss  of  prestressing.  The  real  magnitude  of  the  loss  (if  it  would  occur  at  all) 
should  be  assessed  with  filled  holes  for  the  aforementioned  reasons.  The  increased  stiffness 
of  the  titanium  coupled  with  support  that  might  be  obtained  with  dense  honeycomb  core 
(for  fastened  areas)  might  make  coldworking  of  fastener  holes  in  titanium  sandwich  a  valid 
application:  whereas,  in  aluminum  this  did  not  appear  to  be  possible.  As  with  aluminum, 
layering  of  thin  titanium  with  other  material  in  a  joint  would  probably  avoid  any  loss  of 
beneficial  prestressing  in  the  thin  material. 

(8)  bdge  Margin  and  Hole  Spacing  (Titanium) 

The  results  of  these  tests  are  shown  in  figure  1 78.  In  these  tests  the  edge 
margin  was  varied  from  1-1/2  to  2-I/2D  and  the  hole  spacing  from  3  to  5-I/4D  with  the 
special  edge  margin  specimen  per  figure  4,  All  holes  were  tested  in  the  open  condition,  A 
thorough  analysis  of  the  results  indicates  that  there  is  no  significant  difference  or  trend 
displayed,  including  the  I-I/2D  edge  margin  specimens  (with  exception  to  exhibiting  the 
most  scatter).  Thus,  a  normal  2D  edge  margin  should  allow  some  rework  capability  without 
creating  problems. 

(9)  Fastener  Fit -Zero  Load  Transfer  (Titanium) 

The  effect  of  fastener  fit  in  sleeve  coldworked  holes  is  shown  in  lines  2.  3. 
and  4  of  figure  174.  Line  2  represents  the  standard  net  fit  used  as  the  baseline.  Line  3  is  a 
0.002-iuth  clearance  fit  (on  (lie  diameter)  and  line  4  is  a  0.002-meh  interference  fit.  Whereas 
in  aluminum,  a  0.002-inch  clearance  fit  produced  only  a  slight  loss  in  baseline  net-fit 
performance,  the  loss  in  the  TF6AI-4V  titanium  is  significant.  In  addition,  where  the 


0.002-inch  interference  fit  in  the  aluminum  produced  a  significant  loss,  it  produces  a  reverse 
effect  in  the  titanium  a  significant  gain.  This  is  further  evidence  that  the  titanium  is  not 
coldworked  or  prestressed  to  the  so-called  optimum  level  (if  this  is  possible). 

Nevertheless,  if  the  values  for  coldworking  defined  to-date  herein  are  used, 
bolt  installations  should  be  slanted  towards  a  net  to  interference  fit.  It  should  be  noted  also 
that  the  gains  in  performance  that  appear  possible  are  generally  better  than  what  might  be 
achieved  with  a  tapered  fastener  installation. 

(10)  Countersink  and  Countersink  Sequence  (Titanium) 

In  aluminum  structure,  coldworking  to  a  high  interference  with  the  sleeve 
process  prior  to  countersinking  was  adequate  to  protect  the  countersink.  In  fact,  since  the 
failures  were  driven  away  from  the  hole  to  the  specimen  edge,  removal  of  the  countersink 
material  lowered  the  tensile  stresses  at  the  specimen  edge  and  produced  a  small  inprovement 
in  performance.  When  the  hole  was  coldworked  after  countersinking  in  aluminum  structure, 
the  countersink  was  not  protected  and  the  fatigue  performance  was  only  slightly  better  than 
a  reamed-only,  filled  hole. 

In  these  TI-6AI-4V  titanium  tests,  the  same  is  not  true  (lines  6  and  7  of 
figure  1 79),  Countersinking  before  eoldworking  now  produces  the  best  performance  (equal 
to  a  protruding  head  installation).  Countersinking  after  eoldworking  with  u  100  countersink 
produces  a  toss  to  a  menu  of  300,000  cycles  at  70  ksi  from  900.000  cycles  for  the  reverse 
sequence  versus  85.000  cycles  for  reamed-only  holes.  In  other  words,  the  result  was  not 
only  reversed,  but  the  loss  was  not  as  significant,  furthermore,  countersinking  after 
eoldworking  with  a  70  countersink  also  caused  some  loss  of  performance,  but  not  of  the 
magnitude  of  the  100  countersink.  Reference  to  figure  1 82  shows  that  all  failures 
originated  in  the  shank  /one  regardless  of  sequence,  indicating  that  the  hate  is  most  critical 
and  sufficient  prestressing  for  total  protection  is  not  occurring.  17rus.  postcountcrsinking  and 
its  associated  reduction  of  prestressing  in  the  shank  area,  as  well,  would  reduce  performance 
of  this  /.one. 

(it)  Countersink  Angle  (Titanium) 

Since  the  sequence  result  is  the  reverse  of  what  was  anticipated  in  the 
titanium,  the  70*  angle  countersink  would  also  have  to  be  generated  prior  to  coldworking  to 
fully  assess  its  potential  value,  As  the  results  now  stand,  it  is  not  as  good  as  a  100* 
countersink  generated  prior  to  coldworking  (line  8.  fig.  1 79). 

(12)  Adjacent  Hole  Not  Coldworked  (Titanium) 

When  the  adjacent  hide  to  a  coldworked  hole  is  not  coldworked  in  titaninm, 
the  prestress  /ones  around  the  coldworked  hole  do  not  create  any  detrimental  effects  on  the 
noncoldworked  hole  (loss  of  anticipated  reamed  hole  performance).  This  can  be  seen  in 
line  5  of  figure  179.  Consequently,  no  special  precaution*  with  application  to  only  specific 
/.ones  in  titanium  structure  relative  to  side  effects  on  neat  by  holes  need  to  be  exercised  with 
4D  or  more  hole  spacing. 


(13)  Prior  Fatigue  (Titanium) 

When  some  titanium  specimens  were  fatigue  cycled  first  to  80,000  cycles 
(close  to  failure)  and  then  coldworked,  full  life  to  values  within  the  normal  scatter  band  for 
nonfatigued  holes  was  achieved.  Thus,  coldworking  of  existing  holes  in  a  structure  that  has 
endured  service  (without  prereaming)  can  provide  a  “like  new”  performance.  This  approach 
was  evaluated  only  for  holes  that  were  not  previously  coldworked.  It  is  not  known  if  the 
same  would  work  for  previously  coidworkcd  holes.  Test  results  are  shown  in  line  1 1  of 
figure  179. 

(14)  Prior  Fatigue  Crack  (Titanium) 

In  this  test  group,  actual  fatigue  cracks  were  generated  in  a  fastener  hole  and 
then  the  hole  was  coldworked.  Line  12  of  figure  179  shows  the  fatigue  cycles  achieved  in 
Ti-6AI-4V  titanium  specimens  with  three  different  crack  lengths  prior  to  coldworking.  It 
appears  that  the  process  is  basically  capable  of  mitigating  the  cracks  existence  if  it  is  0  020 
inch  or  less  long.  Cracks  0.030  inch  long  resulted  in  a  fatigue  performance  equal  to 
reamod-only  holes  (no  cracks). 

(!5)  Low  Load  Transfer  (Titanium) 

The  15-hole  low-load-transfer,  skin/siringer  type  coupons  in  the  titanium 
evaluation  included  both  specimens  with  titanium/titanium  stacks  and  tiianium/uluminum 
stacks.  Since  with  the  design  of  this  specimen  (per  figure  8).  both  components  encounter 
equal  strain  at  the  center  of  the  specimens,  the  aluminum  will  theoretically  reach  a  fatigue 
eritieul  strain  first  (assuming  no  effect  of  loud  transfer).  Consequently,  the  loads  for  the 
titanium/uluminum  specimen  were  selected  to  provide  a  40  ksi  maximum  net  arcu  cyclic 
stress  for  the  aluminum  with  a  resultant  stress  in  the  titanium  of  64  ksi.  All  specimens  had 
net-fit.  protruding  head  Hi-Loks  installed:  specimens  tested  in  this  subsection  were: 

•  1 5-hole  single  coupon  per  figure  9  with  holes  coldworked  and  post  reamed 

•  1 5-hole  filuitinm/tituoium  coupon  pet  figure  8  with  holes  coldworked  and 
postreumed  with  production  technique  (see  aluminum  section  for  explanation) 

•  1 5-hole  titanium/titanium  coupon  per  figure  8  with  holes  coldworked  and  not 
postreamed  using  production  technique 

•  1 5-hole  Utaniuin/ahuninum  coupon  per  figure  8  with  the  aluminum  in  the  stringer 
component  and  holes  coldworked  and  postreamed  with  the  production  technique 

Results  are  shown  In  figure  180  along  with  results  from  /ero-load-transfer, 
two-hole  coupons  for  comparison  (both  aluminum  and  titanium).  The  two-hole  /ero-load- 
transler  coupons  indicate  that  the  titanium  at  70  ksi  should  have  appreciably  better  fatigue 
tile  titan  the  aluminum  at  40  ksi.  With  the  respective  stresses  in  the  dual-material  coupon  04 
and  40  ksi  the  performance  of  the  titanium  should  be  even  better. 


Results  from  the  single-strap  1 5-hole  zero-load-transfer  coupon  on  line  3  of 
figure  180  show,  however,  that  the  titanium  in  this  case  has  a  fatigue  performance 
significantly  lower  than  the  .zero-load-transfer  2-hole  coupon  for  the  same  70  ksi  stress.  In 
the  aluminum  tests  (wherein  failure  origins  can  be  driven  away  from  the  fastener  hole  when 
coldworked  and  filled),  the  performance  of  the  1 5-hole  coupon  was  equivalent  to  the  2-hole 
coupon.  This  raises  the  question  of  effect  of  testing  speed  upon  relative  performance  since 
the  15-hole  coupon  was  cycled  at  600  epm  in  the  Riehle-Los  equipment  and  the  2-hole 
coupon  at  4000  cpm  in  the  Vibraphores  equipment.  Testing  speed  differences  that  ranged 
from  1200  cpm  to  4000  cpm  between  McDonnell  and  Boeing  (previously  discussed  in  this 
section)  did  not  seem  to  have  an  impact  on  results.  Furthermore,  a  titanium  check  coupon 
we  ran  in  the  Riehle-Los  equipment  with  reamed-only,  filled  holes  to  verify  loads  produced 
1 12,000  cycles,  basically  equivalent  to  Vibraphore  results  shown  in  line  1  of  figure  181.  The 
only  remaining  difference  in  the  coupons  is  hole  diameter.  The  2-hole  coupons  had 
3/8-inch-diameter  holes  and  the  15-hole  coupon  1 /4-inch-diameter  holes.  Overall  widths  of 
the  test  sections  were  inherently  different  dimensionally,  but  were  equivalent  based  on  both 
having  2D  edge  margins.  Thus,  the  only  possible  conclusion  is  that  the  smaller  diameter  hole 
(with  equivalent  edge  margins)  is  more  critical. 

Further  observation  of  the  results  shows  that  the  imposition  of  even  a  low 
load  transfer  has  a  further  impact  upon  the  titanium  performance  with  a  coldworked  and 
postreamed  hole  (see  line  4  of  fig.  180).  The  best  performance  with  the  low-load-transfer 
condition  was  obtained  with  coldworked  holes  that  were  not  postreamed  as  shown  in  line  5 
of  figure  1 80. 


Because  1  /4-ineh-diametor  hole  coupons  in  titanium  have  a  generally  lower 
performance  and  because  the  titanium  is  even  sensitive  to  low  load  transfer  (whereas  the 
aluminum  is  not),  the  failures  in  the  dual-material  titanium/aluminum  coupons  all  initiated 
first  in  the  titanium  component.  Results  are  shown  on  line  6  of  figure  180. 

(16)  High  Load  Transfer  (Titanium) 

If  low  load  transfer  caused  some  loss  of  fatigue  performance  in  titanium,  the 
high  loud  transfer  used  in  this  test  series  should  have  an  even  more  serious  impact.  As  with 
the  aluminum,  the  figure  10  high-load-transfer  coupons  were  run  with  and  without  micarta 
shims  in  the  interfaces.  The  shims  were  intended  to  diminish  the  potential  impact  of 
interface  fretting  at  the  coldwork  upset  around  each  fastener  hole. 


Results  and  test  contents  can  be  seen  in  figure  181.  It  should  be  noted  that 
this  figure  starts  at  10**  cycles  instead  of  the  10^  cycles  used  in  most  of  the  other  figures. 
This  figure  shows  that  at  70  ksi  the  reamed-only  fatigue  performance  drops  from 
approximately  85,000  cycles  for  zero  load  transfer  to  approximately  15,000  cycles  for  the 
high  load  transfer  (with  shims).  For  the  coldworked  holes  the  reduction  is  from 
approximately  350,000/1,500,000  to  approximately  20,000  cycles  (with  shims),  respec¬ 
tively.  As  can  be  seen,  the  performance  of  the  coldworked  holes  is  not  appreciably  better 
than  reamed-only  holes  wirn  interface  shims  are  present  with  high-load-transfer  titanium 
specimens.  A  clearance-fit  fastener  in  a  coldworked  hole  functions  as  well  as  a  net-fit 


fastener  under  these  conditions  although  it  caused  some  loss  with  zero  load  transfer.  As  with 
aluminum  though,  an  interference-fit  fastener  in  a  coldworked  hole  is  beneficial  under 
high-load-transfer  conditions,  although  its  benefit  in  the  titanium  is  not  overly  significant. 

Whereas  the  interface  micarta  shim  proved  to  be  beneficial  with  aluminum 
high-load-transfcr  coupons  (eliminated  fretting),  better  performance  was  achieved  in  the 
titanium  without  it  (35,000  cycles).  This  indicates  that  the  notch  sensitivity  relative  to  load 
transfer  is  sufficient  in  the  titanium  so  that  it  supersedes  any  potential  problems  from 
fretting;  in  this  case,  the  smooth  micarta  shim  probably  enhanced  movement  of  the 
components  and  increased  the  effective  load  transfer.  Removing  the  surface  upset  and 
testing  without  a  shim  did  not  appear  to  provide  any  significant  improvement  over  not 
removing  the  upset. 

The  comparative  performance  of  the  best  coldworked  hole  situation  under 
high  load  transfer  and  reamed-only  holes  under  zero  load  transfer  (70  ksi)  is  35,000  cycles 
and  85,000  cycles,  respectively.  Protruding  head  Taperloks  showed  the  best  performance  in 
the  high-load-transfer  titanium  tests.  Its  mean  performance  was  basically  70,000  cycles  at 
70  ksi. 


Both  the  flush  head  Hi-Loks  in  coldworked  holes  and  the  flush  Taperloks 
had  poor  performance  in  these  tests.  The  failure  origins,  in  these  cases,  were  in  the 
countersunk  side  plates  that  were  reduced  in  thickness  to  produce  stresses  in  them 
theoretically  equivalent  to  those  in  the  main  coupon  section.  Basically,  this  didn’t  appear  to 
be  good  design  per  se,  since  the  countersunk  left  only  0.045-0.060  inch  of  straight  hole. 
Regardless,  the  failure  origins  (fig.  182)  were  not  in  this  straight  portion  for  either  the 
coldworked  or  Taperlok  installation;  the  failure  origins  were  actually  spread  along  the 
countersink.  This  is  not  consistent  with  the  zero-load-transfer  failure  origin  locations  (all  in 
shank),  but  indicates  that  the  reduced  zone  of  resistance,  in  this  case,  probably  resulted  in 
higher  effective  nrcstressing  of  the  small  remaining  straight  portion.  The  load  transfer  still 
made  the  overall  situation  more  critical  and  the  countersinks  failed  at  cycles  well  below 
what  the  straight  portions  did  under  zero-load  transfer. 


3.  STEEL 

a.  Phase  II:  Task  1  -Base  Metal  Performance  (Steel) 

All  phase  l  fatigue  tests  with  coldworked  open  holes  in  300M  (270-300  ksi)  steel 
were  run  at  110  ksi  maximum-net  stress,  The  base  metal  tests  with  figure  2  coupons  run  in 
this  phase  showed  that  the  buse  metal  endurance  limit  stress  was  above  1 10  ksi.  An  S-N 
scatter  curve  for  the  300M  buse  metal  fatigue  tests  is  shown  in  figure  183  with  an  indication 
that  the  endurance  limit  stress  is  in  the  120  ksi  range. 

b.  Phase  II:  Task  2-Busic  Open-Hole  Data  (Steel) 

Figure  184  shows  the  S-N  scatter  curve  results  for  open  reamed  holes  in  the  300M 
steel  in  comparison  to  the  base  metal  results.  Whereas  at  a  stress  of  25  ksi  the  2024-T85I 
produced  approximately  1,000.000  cycles  for  the  base  metal  and  60,000  cycles  for  the 


notched  metal  (reamed  holes),  the  300M  steel  at  125  ksi  goes  from  1,000,000  cycles  to 
20,000  cycles  for  the  same  respective  conditions.  Figure  185  gives  S-N  scatter  curve  values 
for  open  holes  that  have  been  coldvvorked  and  postreamed  in  comparison  to  base  metal 
values.  These  holes  were  coldworked  with  a  carbide  push-type  mandrel  that  had  a 
0.045-inch/inch  taper  angle.  The  coldworking  interference  value  was  0.0245  inches  on  the 
diameter  for  the  3/8-inch-nominal-diameter  holes.  The  fatigue  performance  of  these  holes  is 
statistically  equivalent  to  the  open  reamed  holes  with  no  obvious  improvement  in  fatigue 
performance.  This  result  gave  some  cause  for  concern  that  possibly  the  previously  selected 
0.045-inch/inch  mandrel  tapet  (selected  on  the  basis  of  force  tests)  was  causing  more  axial 
rather  than  radial  yielding  with  no  benefit  to  fatigue  performance.  This  concern  was 
investigated  further  in  task  3  and  is  reported  oh  therein. 

c.  Phase  II:  Task  3 -Basic  Filled-Hole  Data  (Steel) 

Figure  186  gives  S-N  scatter  results  for  holes  that  were  reamed  and  filled  with 
net-fit  Hi-Lok  fasteners  and  holes  that  were  coldworked  and  filled  with  net-fit  Hi-Lok 
fasteners  in  comparison  to  base  metal  S-N  values.  The  reamed  and  filled  holes  show  no  basic 
improvement  in  fatigue  performance  over  the  previous  open-hole  tests.  The  coldworked  and 
filled  holes  show  a  definite  improvement  in  performance  over  the  reamed  and  filled  holes. 
These  holes  were  coldworked  with  a  0.030-inch/inch  taper  angle  mandrel.  The  performance 
improvement,  relative  to  base  metal  values,  is  still  not  of  the  magnitude  that  was  achieved 
with  the  2024-T851  aluminum. 


Figure  187  is  a  composite  plot  of  open  and  filled  holes.  Lines  5  through  10  give 
comparative  values  for  reamed  holes  and  coldworked  holes  in  300M  steel  filled  with  net-fit 
Hi-Loks.  The  coldworked  holes  were  produced  at  different  interferences  and  with  different 
mandrel  taper  angles  to  assess  both  the  suspected  critical  interference  plateau  and  the 
mandrel  taper  angle  under  suspicion  as  a  result  of  task  2  test  results.  The  previous  indication 
that  there  was  a  definite  jump  in  fatigue  performance  between  0.020-  and  0.025-inch 
interference  (for  3/8-inch-diameter  holes)  was  verified  with  0.023  inch  appearing  to  be  the 
minimum  value  for  the  better  performance.  No  significant  difference  in  fatigue  performance 
resulted  for  0.023-inch  versus  0.025-inch  interference;  however,  coldwork  processing  of  the 
specimens  showed  another  problem:  the  solid  film  lubricant  was  breaking  down  vapidly  at 
0.025-inch  interference  levels.  The  0.023-inch  interference  level  and  the  0.030-inch/inch 
mandrel  taper  were  more  tolerable  with  regard  to  forces  and  lubrication  durability.  At  this 
time,  it  appears  that  the  0.030-inch/inch  mandrel  taper  may  be  a  better  selection  for 
high-strength  steel,  The  previous  indications  of  a  practical  limit  on  interference  in 
high-strength  steel  have  also  been  generally  verified. 

d,  Phase  II:  Task  4 -Application  and  Process  Performance  Parameters  (Steel) 

( 1 )  Hole  Finish  and  Program  Correlation  (Steel) 


Honed  open  holes  in  line  1  of  figure  187  have  a  finish  of  20  RHR,  but  did 
not  produce  as  good  a  fatigue  performance  as  reamed  open  holes  -50,000  cycles  versus 
100,000  cycles  at  105  ksi.  Both  the  honed  holes  and  the  reamed  holes  had  finishes  of  20 
RHR.  Coldworking  these  reamed  holes  resulted  in  no  basic  improvement  in  open-hole 
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fatigue  performance.  At  1 10  ksi  this  was  roughly  60,000  cycles.  Good  drilled  holes  had  a 
hole  finish  of  40  RHR  and  abusively  drilled  holes,  in  the  300M  steel,  had  a  hole  finish  of  60 
RHR.  Again,  all  of  these  finish  values  fall  well  within  the  finish  values  normally  accepted  as 
evidence  that  good  practices  have  been  followed.  However,  reference  to  figure  188  (lines  3 
and  4)  will  show  that  both  the  good  and  bad  drilled  holes  had  significantly  better  fatigue 
performance  than  reamed  holes  (even  though  the  drilled  hole  finish  was  not  as  good  as  the 
reamed)  when  the  holes  were  subsequently  coldworked.  Thus,  not  only  finish  must  be 
discarded  as  evidence  of  “poor”  processing,  but  also  the  concept  of  untempered  martensite 
and  overtempering,  if  the  holes  are  subsequently  coldworked.  It  is  evident  from  previous 
research  that  conventional  drilling  and,  certainly,  abusive  drilling  operations  will  produce 
some  degree  of  untempered  martensite  and  overtempering  in  high-strength  steel.  It  now 
appears  that  this  previously  “undesirable”  result  may  be  beneficial  if  the  affected  zone  is 
appropriately  prestressed  via  coldworking  since  the  material  involved  may  not  be  as  notch 
sensitive  through  the  overtempering  involved.  This  is  an  important  observation  since  it  offers 
the  possibility  of  removing  stringent  controls  from  hole  generation  processes  in  high- 
strength  steel  in  lieu  of  subjecting  them  to  a  postprocessing  operation  of  coldworking. 

The  honed  hole  results  shown  in  figure  1 87  were  run  at  1 05  ksi  to  allow 
comparison  with  the  McDonnell  tests  on  their  Sonntag  equipment  at  different  test 
frequencies  (see  finish  subsection  in  titanium).  The  McDonnell  test  results  (between  40,000 
and  60,000  cycles)  are  equivalent  to  our  test  results,  which  indicates  that  the  results  of  both 
programs  should  be  directly  comparable  for  the  300M  steel  as  well  as  for  the  Ti-6A1-4V 
titanium. 


(2)  Starting-Hole  Tolerance  (Steel) 

Reference  to  the  difference  in  fatigue  performance  results  for 
3/8-inch-diameter  holes  shown  in  figure  187  for  0.023-inch  versus  0.020-inch  coldworking 
interference  indicates  that  either  the  upper  interference  should  be  increased  or  the  hole 
tolerance  held  close  to  control  the  minimum  interference.  Since  the  high-strength  steel 
imposes  its  own  upper  limits  with  regard  to  mandrel  breakage,  the  only  practical  alternative 
is  controlling  the  hole  tolerance  range  closely  (to  0.001  inch).  This  anticipated  tolerance  is 
actually  displayed  in  the  projected  interference-versus-diameter  requirements  shown  in 
figure  70  for  300M  steel.  This  conclusion  appears  to  be  adverse  to  the  conclusions  espoused 
in  the  previous  subsection:  i.e„  a  predrilled  hole  may  be  better  than  a  prereamed  hole  for 
300M  steel.  In  actuality,  it  may  not  prove  to  be  excessively  difficult  to  drill  close-tolerance 
holes  in  high-strength  steel,  although  some  development  may  be  required. 

(3)  Process  Predamage  (Steel) 

The  previous  subsection  has  covered  this  subject. 

(4)  Process  Postdamage  (Steel) 

-  Line  5  of  figure  188  shows  fatigue  test  results  for  open  holes  that  were 
coldworked  and  deeply  postscored  with  a  sharp  tool  in  line  with  the  hole  axis  at  a  point  9lf 
to  the  load  axis  (the  most  critical  location).  The  scoring  or  “damage"  caused  no  loss  in 
fatigue  performance  relative  to  similarly  coldworked  and  postreamed  holes  in  fact,  the 
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mean  performance  was  improved.  It  is  rather  interesting  to  note  that  for  each  material 
tested  (the  aluminum,  the  titanium,  and  the  steel),  the  fatigue  performance  of  the  scored 
specimens  was  statistically  better  than  unscored  specimens  in  all  cases  even  though  only  one 
hole  of  two  was  scored  in  each  specimen.  The  results  certainly  indicate,  without  doubt,  that 
the  sleeve  coldworking  process  (with  high  interference)  is  relatively  immune  to  normally 
unacceptable  visible  hole  “damage.” 

.(5)  Postreaming  Allowables  (Steel) 


As  has  been  seen  with  titanium,  open-hole  tests  are  severe  tests  that  may 
prove  to  be  overly  severe  with  the  more  notch-sensitive  materials.  Reference  to  lines  6 
through  9  of  figure  188  show  the  effect  of  the  standard  0.006-  to  0.009-inch  postream 
versus  no  postream  versus  1/64-,  I/32-,  and  1/ 16-inch  postream  (on  the  diameter)  after 
coldworking  300M  (270-300  ksi)  steel.  With  open-hole  testing,  none  of  these  situations 
produces  less  fatigue  performance  than  the  standard  postream.  However,  no  postream 
results  in  a  significant  improvement  in  open  hole  fatigue  performance;  a  1/32-inch  postream 
is  also  better,  but  not  quite  as  good  as  no  postream.  The  fact  that  no  postream  and 
1  /32-inch  postream  were  significantly  better  than  1/64-  and  1/ 16-inch  postream  is  not 
necessarily  abnormal.  That  is,  the  removal  of  the  initial  highly  compressive  “worked  skin”  is 
bound  to  reduce  fatigue  performance  of  an  open  hole  in  notch-sensitive  material  with  regard 
to  crack  initiation.  Removal  of  more  material  may  effect  a  better  balance  of  compressive 
and  tensile  prestresses  with  regard  to  crack  propagation  rates.  This  is  purely  conjecture,  yet 
it  is  supported  by  some  test  results  to  be  discussed  later.  The  point  at  which  this  best 
balance  occurs  has  not  been  defined  for  all  diameters  and  may  require  further  testing. 

(6)  Material  Thickness  (Steel) 


Figure  189  contains  fatigue  result  comparisons  for  the  standard  0.250- 
inch-thick  fatigue  specimens  primarily  used  in  this  program  versus  the  “thin”  0.060-inch 
specimen  tested  in  this  series.  Again,  this  is  an  open-hole  test.  Whereas  the  0.060-inch-thick 
aluminum  had  insufficient  rigidity  to  maintain  the  prestress  from  coldworking  (material 
dished  around  the  hole)  and  no  fatigue  improvement  was  achieved,  it  cannot  be  finitely 
concluded  that  the  300M  material  has  sufficient  rigidity  even  though  the  open-hole  fatigue 
performance  in  the  0.060-inch-thick  300M  was  basically  equivalent  to  the  thicker  material; 
i.e.,  coldworking  of  open  holes  produced  no  basic  improvement  over  reamed-only 
open  holes. 

(7)  Edge  Margin  and  Hole  Spacing  (Steel) 


Edge  margin  and  hole  spacing  have  not  proven  to  be  critical  in  the  previous 
aluminum  and  titanium  tests.  Reference  to  figure  190  would  indicate  that  this  is  also  the 
case  for  the  300M  steel.  In  no  case  is  the  open-hole  fatigue  performance  worse  than  that  for 
the  standard  2D  edge  margin,  4D  hole  spacing.  The  fact  that  a  1-1/2D  edge  margin.  5-1/4D 
hole  spacing  and  2-1  /2D  edge  margin,  4D  hole  spacing  appear  to  provide  the  best 
performance  is  not  logically  explainable.  Regardless,  the  indication  is  that  a  I- 1 /2D  edge 
margin  is  not  critical  with  300M  steel,  at  least  with  open  holes. 


(8)  Pull  Process  and  Sleeve  Orientation  (Steel) 


As  previously  mentioned,  the  only  coldworking  capability  that  existed  for 
270-300  ksi  steel  at  the  outset  of  this  program  was  a  push  process  that  utilized  a  carbide 
mandrel  and  a  dry  lubricant  baked  into  the  holes.  In  the  course  of  this  program  a  steel 
mandrel  pull  process  capability  (with  a  sleeve)  was  developed.  This  subsection  contains 
results  of  tests  to  assess  the  relative  performance  of  the  pull  mandrel/sleeve  process  for  the’, 
high-strength  steel.  To  assure  that  a  valid  evaluation  was  achieved,  these  tests  were  all 
conducted  with  filled  holes  (net-fit  Hi-Lok  fasteners).  The  maximum  practical  coldworking 
interference  was  used  for  each  process:  0.023  inch  for  the  carbide/no-sleeve,  push  process 
and  0.019  inch  for  the  HSS  mandrel/sleeve  pull  process.  As  stated  previously,  the  retained 
expansion  for  the  pull  mandrel/slecve  process  was  roughly  50%  of  that  for  the  carbide  push 
mandrel  process  on  the  basis  of  sleeve  thinout  and  elastic  mandrel  deformation.  The  fatigue 
performance  was  roughly  equivalent  to  the  retained  expansion  achieved  (see  fig.  191). 
Reamed-only  filled  holes  were  basically  75,000  cycles;  carbide  push  mandrel  cold  worked 
and  filled  holes  were  300,000  cycles;  steel  pull  mandrel  and  0  split  sleeve  coldworked  and 
filled  holes  were  95,000  to  300,000  cycles;  and  steel  pull  mandrel  and  90°  split  sleeve 
coldworked  and  filled  holes  were  1 50.000  cycles.  Thus,  the  steel  mandrel/sleeve  process  did 
show  some  capability  of  providing  a  fatigue  improvement;  albeit,  only  50%  of  that  possible 
with  the  carbide  mandrel  process,  regardless  of  sleeve  split  orientation.  Admittedly,  this 
result  must  be  qualified,  at  this  time,  to  zero-load-transfer  applications.  Later  discussion  will 
show  that  surface  upset,  per  se,  with  carbide  mandrels,  had  no  influence  upon  high-load- 
transfer  results:  however,  the  effect  of  the  split  orientation  upon  high-load-transfer  interface 
fretting  and  fatigue  performance  is  not  known  at  this  time. 


(9)  Countersink  and  Countersink  Sequence  (Steel) 


Sleeve  coldworking  a  precountersunk  hole  and  tilling  it  with  a  net-fit 
fastener  proved  to  be  of  iittle  benefit  over  reaming  alone  in  aluminum,  although 
countersinking  after  sleeve  coldworking  proved  to  be  slightly  more  beneficial  to  fatigue 
performance  than  sleeve  coldworking  and  filling  a  noncountersunk  hole.  Titanium 
responded  in  a  reverse  fashion  which  further  indicates  that  insufficient  interference  was  used 
to  achieve  the  “optimum”  interference  in  the  titanium.  The  lower  values  used  in  the 
titanium  (because  higher  values  caused  excessive  scatter)  resulted  in  prestressing  levels  that 
were  reduced  to  insufficiently  protective  levels  in  the  straight  hole  portion  of  the  hole  by 
postcountersinking.  The  question  is:  would  the  same  be  true  for  the  300M  steel? 


Reference  to  figure  192  shows  that  this  does  not  occur  with  the  steel.  In 
fact,  countersinking  and  filling  a  hole  in  steel  after  coldworking  and  postreaming  it 
produced  an  outstanding  improvement  in  fatigue  performance  over  noneountersunk-hole 
performance.  Again,  this  improvement  seems  to  be  a  function  of  initially  generating  a  large 
compressive  zone  through  high  interference  coldworking  and  then  reducing  the  levels  of 
compressive  prestress  and  supportive  tensile  prestress  to  a  better  balance  without  reducing 
the  size  of  the  compressive  zone  (via  metal  removal). 


Countersinking  a  hole  in  300M  (270-303  ksi)  steel  prior  to  coldworking 
proved  to  be  detrimental.  In  this  ease,  the  fatigue  performance  was  significantly  less  than 
that  achieved  with  reamed-only,  noncountersunk  holes.  This  type  of  result  has  been 


encountered  by  Boeing  in  previous,  independent  test  work.  The  reduction  below 
reamed-only  performance  with  precountersunk  holes  was  traced  to  generation  of  an 
undesirable  tensile  stress  bulge  at  the  hole/countersink  juncture  after  coldworking. 

Consequently,  with  zero  to  low  load  transfer  in  steel,  countersunk  holes 
appear  to  be  definitely  preferable  in  terms  of  fatigue  performance,  whether  or  not  flush 
installations  are  desired.  It  is  possible  that  the  same  results  could  be  achieved  via  appropriate 
postreaming,  but  definition  of  limits  have  not  been  evaluated  for  filled  holes  in  this 

program. 


(10)  Countersink  Angle  (Steel) 

In  this  test,  the  70°  countersink  angle  was  evaluated  for  the  steel  as  it  was  for 
the  titanium  and  aluminum.  The  results  (shown  in  line  5  of  figure  192)  indicate  that  70° 
postcountersinking  is  also  beneficial  to  fatigue  performance  of  high-strength  steel ;  however, 
the  100*  postcountersink  was  definitely  superior.  Regardless  of  the  reason,  a  100° 
countersink  has  proven  to  be  a  better  selection  of  angle  for  all  alloys  tested  in  this  program 
and  should  remain  as  the  primary  standard  for  countersink  angle. 

(1 1)  Fastener  Fit  (Steel) 

The  use  of  a  clearance  fit  or  an  interference  fit  did  not  have  any  significant 
effect  upon  zero-load-transfer  performance  of  straight,  coldworked  holes  in  the  300M  steel. 
The  interference  fit,  however,  was  only  a  theoretical  fit  since  the  steel  stregnth  and  hardness 
was  beyond  the  ability  of  a  conventional  steel  bolt  to  effect  such  a  fit.  The  result  was 
basically  a  net  fit  of  a  severely  scored  and  broached  bolt  (see  fig.  193).  This  type  installation 
produced  only  a  slight  decrease  in  the  minimum  fatigue  performance,  but  did  result  in  a 
wider  scatter  in  results. 

Therefore,  a  net  to  0.002-inch  clearance  fit  appears  to  be  an  appropriate 
call-out  for  coldworked  holes  in  300M  (270-300  ksi)  steel. 

(12)  One  Hole  Not  Coldworked  (Steel) 

As  discussed  in  similar,  previous  subsections,  the  application  of  a  fatigue 
improvement  process  or  fastener  system  will  normally  be  selective  with  regard  to  critically 
stressed  zones.  Thus,  there  may  be  a  transitional  zone  in  fastened  joints  or  structure  wherein 
adjacent  holes  may  not  be  “treated”.  In  the  previously  discussed  aluminum  and  titanium 
sections,  such  a  situation  (a  noncoldworked  hole  adjacent  to  a  coldworked  one)  has  caused 
no  loss  in  anticipated  performance  of  the  reamed  and  filled  hole.  In  fact,  in  both  the 
titanium  and  aluminum,  the  performance  of  the  adjacent  reamed-only  hole  was  improved. 
The  initial  investigation  of  this  consideration  was  based  on  a  photostress  observation  in 
270-300  ksi  steel.  This  observation  (of  a  possible  problem)  has  now  been  borne  out,  That  is, 
the  results  on  line  8  of  figure  192  show  that  such  a  situation  very  definitely  decreases  the 
reamed-only  hole  fatigue  performance  below  normally  expected  levels. 
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This  result  was  obtained  with  the  standard  4D  hole  spacing.  No  evaluation  of 
different  hole  spacing  was  included  in  the  program.  Wider  hole  spacing  would  probably 
diminish  or  eliminate  this  problem.  If  standard  4D  hole  spacing  is  being  used,  the  indication 
is  that  the  process  must  be  applied  in  the  structure  to  a  point  where  the  diminished, 
reamed-only  result  will  not  be  a  problem. 

(13)  Prefatigued  Structure  (Steel) 

Available  test  results  with  prefatigued  structure  of  300M  steel,  shown  in 
line  9  of  figure  192,  indicate  that  300M  material  that  was  cyclic  loaded  close  to  origin  of 
fatigue  failure  can  be  coldworked  (without  metal  removal  to  start)  and  achieve  a  fatigue 
performance  equivalent  to  that  expected  of  basically  virgin  material.  This  result  is  important 
and  coupled  with  the  following  result  could  save  appreciable  time  and  funds  in  rework  of 
existing  structure. 

(14)  Prior  Fatigue  Crack  (Steel) 

Line  10  of  figure  192  gives  results  from  holes  that  were  cracked  in  fatigue 
cycling  prior  to  coldworking.  With  the  0.030-inch-long  fatigue  cracks  used,  the  result  of 
coldworking  these  holes'  was  performance-equivalent  to  virgin  metal-a  total  blunting  or 
mitigating  of  the  prior  crack.  Coupled  with  the  prior  result,  this  should  be  useful  knowledge 
for  field  service  operations.  It  must  be  pointed  out,  however,  that  such  results  are  dependent 
upon  initial  crack  length.  This  result  only  shows  a  tolerance  for  the  specified  crack  length  at 
the  specific  test  stress  when  the  hole  was  coldworked. 

(15)  High  Load  Transfer  (Steel) 

For  a  proper  reference,  it  should  be  pointed  out  that  the  lowest  fatigue  cycle 
scale  in  figure  194  starts  at  1000  cycles  rather  than  the  10,000  cycles  normally  used  in  most 
figures  in  this  report.  The  impact  of  high  load  transfer  upon  fatigue  performance  of  the 
300M  steel  was  severe.  The  test  results  show  that  coldworking  does  provide  some  definite 
benefit  in  fatigue  performance  over  reamed-only  holes;  however,  the  overall  level  of 
performance  relative  to  zero-ioad-transfer  is  low.  The  degree  of  fastener  fit  in  the 
coldworked  holes  (at  the  110  ksi  test  stress)  did  not  seem  to  have  any  effect  under  these 
high-load-transfer  conditions.  Considering  previous  results  with  the  titanium  and  aluminum, 
the  lack  of  fastener-fit  effect  in  high  load  transfer  is  surprising.  The  results  also  indicate  that 
the  antifretting  micarta  shim  is  of  no  benefit  either  in  enhancinp  fatigue  performance.  Tho 
slight  loss  in  performance  for  the  flush  head  fastener  i,  probably  a  result  of  the 
countorsink-to-holo  ratio  in  the  0.125-inch-thick  side  plate. 

/  For  this  stress  level,  these  results  arc  apparently  valid.  However,  the  results 

are  all  tightly  grouped  in  a  maimer  indicative  of  high-stress  levels  wherein  the  effect  of 
process  variations  are  diminished  as  S-N  curves  tend  to  converge.  The  impact  of  the 
high-load  transfer  apparently  has  put  these  tests  into  that  position.  Thus,  lower  tost  stresses 
probably  would  define  some  definite  differences  for  the  conditions  tested  herein. 
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The  fact  that  the  theoretical  interference-fit  bolt  did  not  have  any  effect 
upon  performance  might  be  explained  by  the  photograph  of  such  a  bolt  (after  installation) 
in  figure  193.  This  protograph  makes  it  obvious  that  such  installations  are  basically 
impractical. 

(16)  Failure  Origins  (Steel) 

Figure  195  shows  typical  failure  origin  locations  for  specified  test  conditions 
with  the  300M  steel.  Similar  charts  for  the  aluminum  and  titanium  arc  shown  in  figures  168 
and  1 82,  respectively.  Other  than  using  these  charts  to  pinpoint  specific  processing  effects, 
it  is  interesting  to  generally  compare  all  three  with  regard  to  general  characteristics.  That  is, 
the  2024  aluminum  is  not  generally  regarded  as  a  notch-sensitive  material  (as  evidenced  by 
test  results)  and  its  failure  origin  characteristics  are:  nonlocalized  failure  origins  without 
prestressing  and  very  definite,  localized  failure  origins  when  protection  is  provided  via 
adequate  prestressing.  The  titanium  also  displayed  the  nonlocalized  failure  origins  which 
would  generally  indicate  that  it  was  not  particularly  notch  sensitive  either.  In  no  ease, 
however,  were  we  able  to  adequately  prestress  the  titanium  to  localize  failure  origins.  The 
300M  steel,  on  the  other  hand,  displayed  finite,  localized  failure  origins  in  all  cases,  whether 
prestressed  or  not.  Thus,  the  steel  could  be  considered  to  be  more  notch  sensitive  to  start  on 
this  basis  alone. 

(17)  Stress  Corrosion  (Steel) 

The  only  stress  corrosion  tests  conducted  in  this  program  were  in  the  300M 
steel.  The  reasons  for  this  are;  previous  tests  at  Boeing  have  not  shown  titanium  to  be 
susceptible  to  room  temperature  stress  corrosion  and  stress  corrosion  tests  of  the  most 
stress  corrosion  susceptible  aluminum  alloys  with  coldworked  holes  and  adversely  exposed 
transverse  end  grains  did  not  result  in  stress  corrosion  problems. 

In  this  tost,  the  figure  1 1  plate,  with  1.6D  and  2.0D  hole  edge  margins,  was 
coldworked  and  postreamed  und  then  mounted  in  a  ferris-wheel  type  of  setup  that 
alternately  immersed  it  in  a  3-1/2%  salt-water  solution  for  10  minutes  and  air  exposed  it  for 
50  minutes  every  hour  at  ambient  conditions.  After  888  hours  of  cycling,  the  test  plate  was 
thoroughly  examined  by  dye  penotrute  inspection  with  no  evidence  whatsoever  of  any 
cracks,  Photographs  of  the  plate  before  exposure  and  after  exposure  are  shown  in  figure 
196.  The  before  exposure  photograph  was  taken  at  an  angle  to  accentuate  and  disclose  the 
surface  upsetting.  Sonic  edge  bulging  is  also  evident  for  the  1 .61)  edge  margin  holes. 

4.  ALL  ALLOYS-GENERAL 

a.  Strain  Gage  Tests  (All  Alloys) 

In  this  series  of  tests,  specimens  of  each  major  alloy,  basically  similar  to  figure  1 2, 
were  strain  gaged  at  the  edge  of  the  specimen  adjacent  to  the  holes  and  between  the  holes, 
These  specimens  are  shown  in  figure  197,  Edge  strain  was  measured  prior  to  coldworking  as 
the  specimen  was  tensile  loaded  to  specific  loads.  The  specimens  were  then  unloaded  and 
coldworked  while  still  mounted  in  the  tensile  test  equipment  (to  avoid  setup  variations). 


The  edge  strain  from  coldworking  alone  was  recorded  and  then  the  composite  edge  strain  as 
the  specimens  were  again  tensile  loaded  to  the  same  loads.  This  was  repeated  after 
postreaming.  The  calculated  edge  stresses  for  actual  and  theoretical  values  are  plotted  for 
areas  adjacent  to  the  holes  for  each  alloy  in  figures  198.  200,  and  201.  The  same  is  plotted 
for  the  edge  area  between  the  holes  of  the  2024-T851  specimen  in  figure  199. 


As  can  be  seen,  relatively  significant  tensile  stresses  are  generated  at  the  specimen 
edge  of  a  2D  edge  margin  specimen  by  the  high-interference  coldworking  process.  These 
stresses  are  charted  along  with  relative  material  yield  strengths  and  coldworking  interference 
levels  for  comparison  in  figure  202.  With  regard  to  the  aforementioned  probability  that  the 
titanium  was  not  adequately  prestressed,  this  chart  shows  that  the  tensile  prestress  at  the 
specimen  edge  is  30%  of  yield  strength  for  the  aluminum,  23%  for  the  titanium,  and  35%  for 
the  steel.  The  charts  also  show  that  no  decrease  in  cyclic  straining  would  occur  in  this  tensile 
prestressed  area  when  the  specimen  is  cyclic,  tensile  loaded.  This  is  apparently  true  when  the 
tensile  prestress  is  "propped”  by  the  material  itself.  It  would  not  necessarily  be  true  for  a 
hole  that  is  externally  propped  by  a  fastener  such  as  the  Taperlok.  Thus,  tensile  edge  stress 
is  important  with  regard  to  final  results  once  the  failure  origin  has  been  driven  away  from 
the  hole  and  may  help  to  explain  the  benefits  of  postcountersinking  for  the  aluminum  and 
steel. 


b.  Photostress  Coupons  (All  Alloys) 

Aluminum,  titanium,  and  steel  coupons  were  produced  with  holes  that  had 
different  spacing  and  edge  margins.  These  specimens  were  then  coated  with  photostress 
plastic  and  the  plastic  bored  out  to  prevent  direct  contact  with  coldwork  sleeves.  One  hole 
was  precountersunk  and  most  were  then  ooldworked.  Two  were  left  uncoldworked.  and  one 
coldworked  hole  was  postcountersunk.  Photographs  of  the  entrance  and  exit  sides,  with 
overlaid  polarizing  material  to  display  fringe  patterns,  of  the  aluminum  and  titanium 
specimens  are  shown  in  figures  203  through  206. 


Visually,  the  coupons  readily  depict  the  degree  of  prestressing  and  the  magnitude 
of  the  compressive  zone.  It  also  shows  that  a  low-level,  small  compressive  zone  is  created  at 
the  specimen  edges  between  the  holes.  The  entire  center  of  each  specimen  is  also  at  a  low 
level  of  compression.  The  impact  of  precountersinking  and  of  successive  postreaming 
operations  can  also  be  dramatically  seen.  The  compressive  zone  surrounding  the  hole  does 
not  seem  to  reach  the  specimen  edge  until  the  edge  margin  is  decreased  to  1-1/21).  This 
reinforces  the  supposition  that  the  compressive  zone  is  l  O  in  width  from  the  hole  edge.  Tlv; 
compressive  zones  also  join  when  the  hole  spacing  reaches  3D,  The  precountersunk  holes  do 
display  some  surface  evidence  of  a  compressive  zone:  however,  there  is  a  discontinuity  in 
tins  zone  at  the  split  location,  Therefore,  even  though  the  split  in  the  sleeve  does  not 
normally  present  any  effect  upon  fatigue  performance  of  noneountcrsunk  holes  or 
postcountersunk  holes,  it  does  appear  to  be  the  primary  culprit  with  regard  to  loss  of 
performance  in  precountersunk  holes.  This  suggests  that  a  nonsplit  sleeve  may  have  some 
advantages  for  precounlersunk  holes  and  repair  work.  This  theorem  certainly  must  be 
verified  by  testing  prior  to  applying  it. 


c.  Comparative  Performance  and  Cost  Analysis  (All  Alloys) 

This  subsection  contains  the  results  of  task  5  in  phase  1 1 -cost  and  performance 
analyses.  The  performance  analysis  considers  the  comparative  performance  of  the 
coldworking  system  to  the  tapered  fastener  system  and  relative  to  its  application.  The  cost 
evaluation  was  extended  to  also  include  straight  shank,  interference-fit  fastener  systems. 

Figures  207,  208,  and  209  are  mean  value  S-N  curves  for  the  aluminum,  titanium, 
and  steel  that  include  certain  extrapolated  eu.ves  based  on  single  stress  test  results.  They 
include  zero-load-transfer  and  high-load-transfer  results,  coldworking  and  tapered  fasteners, 
and  different  process  variations.  They  graphically  and  rapidly  depict  differences.  They  also 
show  that  the  range  between  least  performance  and  best  performance  is  least  for  the 
aluminum  and  most  for  the  steel.  Whereas  high  load  transfer  had  little  impact  upon  the 
aluminum  (when  properly  handled),  it  had  a  serious  impact  upon  the  titanium  and  steel. 

Figure  210  is  a  tabulation  of  trends  in  comparative  performance  and  failure 
origins  for  the  aluminum,  titanium,  and  steel  when  subjected  to  various  hole  processing  and 
fastener  treatments.  Figure  211  tabulates  the  comparative  performance  of  the  coldworking 
process  to  reamed-only  holes  and  tapered  fastener  installations  for  aluminum  and  titanium 
at  zero-load-transfer  and  high-load-transfer  conditions.  These  tabulations  plus  previous 
details  analysis  show  that  the  sleeve  coldworking  system  is  equivalent  to  the  protruding  heud 
tapered  fastener  system  in  zero-  to  high-load-transfer  applications  in  aluminum  ;  is  superior 
for  all  flush  head  installations  in  both  alloys;  is  superior  to  the  protruding  head  taperod 
fastener  system  in  zcro-load-transfer  situations  in  titanium  (cycles  and  scatter);  und  is  not 
quite  as  good  as  the  tapered  fastener  system  in  high-load-trunsfor  situations  in  titanium  (for 
the  coldworking  interference  used). 

Figure  212  is  a  tabulation  of  allowable  average  stresses  within  21)  of  a  fastener  to 
enable  each  material  to  produce  100,000  cycles  in  constant  amplitude  fatigue  loading.  The 
stress  is  defined  in  this  manner  since  it  is  bused  on  net  area  stresses.  As  cun  be  seen,  it 
indicates  that  one  can  tolerate  applied  stresses  near  the  hole  in  aluminum  (when  the  hole  is 
properly  prestressed)  that  are  higher  thun  those  that  the  base  metal  cun  tolerate.  Obviously, 
gross  area  loads  must  bo  kept  within  the  capabilities  of  the  base  metal;  nevertheless,  the 
author  believes  this  system  is  meaningful  it  just  requires  some  analysis  or  test  work  to 
define  stresses  in  local  ureas.  The  gross  area  stress  system  is  not  precise  either,  but  it  does 
have  a  conservative  element  built  into  it.  Analysis  of  this  chart  on  the  basis  of  relative 
fatigue  performance  to  metal  density  for  various  systems  and  applications  allows  one  to 
make  woight-cffoctive  material  selections  for  fatigue-critical  applications. 

Figure  213  is  a  tabulation  of  a  thorough  cost  analysis  of  total  installed  costs  for 
various  fatigue-rated  fustoner  systems.  The  cost  elements,  detail  operation  times  and  the 
overall  analysis  are  contained  in  the  appendix.  The  time  elements  represent  a  composite  of 
many  different  production  observations.  The  fastener  cost  elements  also  represent  u 
composite  of  costs  us  influenced  by  various  conditions  such  as  the  user  influence  und  buy 
size.  Admittedly,  the  costs  of  these  fasteners  cun  vary  significantly,  but  these  averaged  costs 
arc  considered  appropriately  relative  to  one  another.  The  analysis  was  based  solely  on  a 


3/8-inch  diameter  by  5/8-inch  grip  installation  as  a  typical  requirement.  Different  diameters 
and  grips  will  affect  specific  costs,  but  should  not  significantly  affect  the  relative  cost 
positions. 

The  analysis  shows  that  the  most  cost  effective  titanium  fastener  installation  in 
aluminum  and  titanium  structure  is  a  straight  shank  interference-fit  bolt  (of  appropriate 
design).  If  steel  fasteners  can  be  tolerated,  then  the  sleeve  coldwork  system  becomes  most 
cost  effective.  With  steel  or  titanium  fasteners,  the  sleeve  coldwork  system  is  significantly 
lower  in  cost  for  all  structures  than  the  tapered  fastener  system.  In  addition,  the  straight 
shank,  interference-fit  bolt  is  practically  limited  to  diameters  no  larger  than  3/8  inch. 
Therefore,  above  this  diameter  the  sleeve  coldwork  system  becomes  the  most  cost  effective 
overall  system. 
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Figure  7.  -Zero  Loud  Transfer  Edge  Margin  Fatigue  Coupon 
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Figure  IX  Optimum  Taper  Teat  Plates 
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20,  -Effect  of  Mandrel  Interference  and  Taper  on 
I  Force-2U24-T851,  2-1/2- and  1-1/8-In  Stack 


Figure  2L  -Effect  of  Mandrel  Interference  and  Taper  on 
Pull  Force— 6 AI-4V  Annealed  Titanium,  3 /8-In.  Thick 
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Figure  24.  -Effect  of  Mandrel  Interference  and  Taper  on  Push  Force-276-300  KSI 300M  Steel.  3 /8-In.  Stack 


Figure  25 l  -Effect  of  Mandrel  Interference  and  Taper  on  Push  Force- 270-300 KS1  300M  Steel,  J-J/S-ln.  Stack 
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Figure  26.  -Effect  of  Mandrel  Interference  and  Taper  on  Push  Force-270-300  KSl  300M  Steel.  2-ln.  Stack 


Requirement  With  0.045-hsJht.  Taper  Mandrel  and  Optimum  Expansion 


Figure  28. -Effect  of  Stack  TL.vkness  on  Pull  Force 


Mandrel  interference  {in.) 

Mandrel  Interference,  With  and  Without  Sleeve,  on  Push 
270-300  KSI 300M  Steel.  5/8-In.  Stack 


Figure  31.— Effect  of  Diameter  and  Stack  on  Retained  Expansion 
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Carbide  push  mandrel  without  sleeve 


Figure  3$.  -Hole  Radial  Variation  After  Coldwork— 270-300  KSl  300M  Steel 


Figure  39-  Typical  Hole  Profile  Trace 


Figure  40  Typical  Entry  Surface  Upset  Trace 


Figure  41.  Typical  Exit  Surface  Upset  Trace 
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Figure  43.— Typical  Interface  Exit  Surface  Upset  Trace 


Figure  44.— Hole  Profile  Trace— 3 {8-In.-Diameter  Hole, 
0.0185-In.  Interference.  300M  Steel 


Figure  45.— Entrance  Upset  Trace— 3/8-In.-Diameter  Hole, 
0.0185-In.  Interference .  300M  Steel 
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Figure  47. -Entrance  Upset  Trace-. 
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Figure  49.— Entrance  Upset  Trace— 3 j 8-In. -Diameter  Hole.  1-1  /2-In.  Plate, 
0.0162-In.  Interference,  0.045  In. /In,  Taper 


Figure  SO.-Exlt  Upset  Trace-3 /8-In.-Diameter  Hole.  1-112-In.  Plate.  0.0163-In. 
Interference.  0.045-In. [In.  Taper.  Ti-6Al-4V 


Figure  51. -Axial  Hole  Pro  file -3 [4-In. -Diameter  Hole,  2-In.  Stack,  0.028-In. 
■  Interference.  0.045  In. [In.  Taper,  TI-6AI-4V 


-• Entrance  Upset  Tmce-3/4-In.-Diameter  Hole,  2-Irt.  Stack,  0.028-In. 
Interference ,  0.045  InJIn.  Taper,  Ti-6Al-4V 


Figure  S3.  -Interface  Entry  Upset 
0.028-ln,  Interference, 
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Figure  54.  -Interface  Exit  Vpset  Trace -3 }4-!n.-Diameter  Hole,  2-In.  Stack, 
0. 02 8-In.  Interference,  0.045  In./In.  Taper,  Ti-6Al-4V 
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figure  55. -Exit  Upset  Trace -3/4-Jn. -Diameter  Hole,  2  -In.  Stack, 
0. 02&4n.  Interference,  0.045  In./In.  Taper,  Ti-6Al-4V 


Figure  56.— Exit  Upset  Trace— 3 /4-In.-Diameter  Hole,  2-In.  Stack, 
0. 029-In.  Interference,  0.020-In. /In.  Taper,  Ti-6Al~4V 


Figure  57.— Exit  Upset  Trace  -3  f4-In.-Diumeter  Hole,  2-In.  Stack, 
0.030-In.  Interference,  0.030  In. fin.  Taper,  Ti-6Al-4  V 
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Figure59.  -Surface  Upsetting  - 2Q24*T8$ 1 ,  S/4-In.  •fiominal-Diameter  Hole 


Distance  from  hole  edge  (In.) 


Figure1 61. -Surface  Upsetting-TMAMV,  J/8-Jn.-Nominut- 
Diameter  Hole,  3/8-in.  Flute 
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Figure  62.  -Surface  Upsetting  TI-6AN  V,  3  fit-ln. -Nominal- 
Diameter  Hole,  hi  12-In.  Plate 
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Figure  64.  - Effect  of  Interference  on  Surface  Upset 
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Figure  65. -Surface  Upset  tins -MOM  Steel,  270-300  KSl,  J/S-In,  -Nominal-Diameter  Hole 


Cotdworfced  and  reamed  open  holes  in  specimens  per  figures  2  and  3 

Figure  &7. -Optimum  Coldworking  Interference  Fatigue  Tests-2024-TS51 
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Figure  00.  -Optimum  Calthvnrking  Interference  Fatigue  Tests  300,11  Steel.  270-300  KSI 


Figure  71. —Optimum  Coldworking  Interference  Fatigue  Tests-Ti-6Al-4V,  Annealed 


Figure  72.  - Photo  of  Fatigue  Fracture  Faces  J/S-ln. -Diameter  Hole  ami  J/4-ln. -Diameter 

Hole,  77-6/1 1-4  V  Specimens 
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Figure  73.  -Spectographic Analysis  of  Ti-6Al-4  V  Specimens 


longitudinal  Section- Ti-6AI-4V,  Annealed 


Transverse  Section'  Tt*6AI4V,  Annealed 


Figure  74.  -Metallurgical  Sections. l/S-ln.'Diumeter  Hole  Specimen  (500X) 
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Longitudinal  Sectlon-Ti-6AI4V,  Annealed 
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Tramverte  Section  Ti*6AI4V,  Annealed 


Figure  75,  -  Metallurgical  Sections  J/4-ln,-Diameter  Hole  Specimen  (500X1 
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Fatigue/Ductile  Transition 


Figure  SI.  -Moire  Strain  Data 


NDT  INFORMATION  REPORT 


REQUESTED  BY: 

J.  Phillips 

DATE  3-7-73 

ORGANIZATION: 

6-7310 

PHONE:  237-7165 

OBJECTIVE:  Search  for  cracks  around  holes  as  marked  on  two  parts  provided. 

REFERENCE:  Request  to  M.  L.  Phelps,  2-19-73 
SUMMARY: 

Subject  parts  were  Inspected  by  use  of  eddy  current  using  both  the  ED-520  and  the  NDT-6 
instruments  and  by  using  three  different  penetrant  Inspection  methods,  which  Included  use 
of  fluorescent  and  Hi- Re*  penetrant  in  both  standard  application  and  special  application 
methods  ("wink"  method). 

No  cracks  were  detected  by  any  of  the  inspection  methods. 


CC:  Ron  Neufeld 


Engineer: 
Lead  Engineer: 
Supervisor: 
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teal  Growth— 3 (8-In.  Plate ,  3f8-In.-Diameter  Holes,  0.019-In.  Interference,  2024-T851 


Figure  86.— Lineal  Growth— 3 /8-In.  Plate,  3/8-In.-Piameter  Hole,  0.018-In.  Interference,  Ti-6Al-4V 


Figure  87.— Lineal  Growth— 3 (4-In.  Plate,  3 j4-In.-Diameter  Hole.  0.029-In.  Interference,  Ti-6Al-4  V 


Figure  90.— Specimen  Sow-3/8-fn.  Plate,  3 /8-In.-Diameter  Holes,  2024-T851 


Figure  91.  -Specimen  Bow— 3 /4-In.  Plate .  3/4-In.-Diameter  Holes,  2024-T851 


a  =  after  coldwork 
b  =  after  ream  and  countersink 


Figure  93. -Specimen  Bow-3/4-In.  Plate.  3j4-In.-Diameter  Holes.  Ti-6Al-4V 
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Figure  95-Specimen  Bow-3i4-!n.  Plate.  314-In.  -Diameter  Holes,  300M  Steel  (270-300  KSI ) 


Figure  96.  -Edge  Bulge  at  Holcs-2Q24-TS5I 
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Figure  102,  -Basic  Sleeve  Lubricuntn-2024-TSSl ,  J/8-ln.  Thick 
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’e  Lubricants— Fel  Pro  300  Variations 


Figure  J 05.— Sleeve  Lubricants— Fel  Pro  300  Variations 


Figure  1 06. -Sleeve  Lubricants  Fel  Pro  .100  Variations 


0.045  in. /in.  mandrel  taper 


Figure  1 1 3. -Multimaterial  Stacks— Retained  Expansion 


Multimaterial  Stacks—  Diameter 


Starting  Hole  Diameter— 2024-T851  and  Ti-6Al-4V 


Puller  and  squeezer  units 


Drawing 
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1350A-C  Co  Id  work  Pull  Gun  in  Production  Use  for  Sleeve  Coldworking -  Horizontal  Position 


Figure  I  JO. ST  IJSOA'C  Cohiwork  Pull  Gun  In  Production  Use  for  Sleeve  Coldworking 
Vertical  Position 
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FSgpnr  136.  ~ST  135QA-ARA2  Angle  Head 


Head,  and  ST  1350A-RA-I  Pull  Gun 


Figure  139.  —Portable  Hydraulic  Power  Sources 


Figure  MO,  CP  8 05  Pmulniullc  Power  Unit  and  ( 'P  (>50  Pull  dun 


r c  Pneudrautic  Power  Pack  PA-130  (in  Case )  With  Remote  Control  Modification 
and  ST  1 350 A-C  Pull  Gun  With  ST  I350A-C-A  Offset  Adapter 


Figure  143.-  Enerpac  Pneudraulic  Unit  PA-130  Out  of  Case 
Showing  Automatic  Actuation  Adaptation 


Figure  144.  If  ink  970  Pneudraidie  Power  Rig  With  Reservoir  laptation  and  ST  1 350 A  Pull  Gun 


Figure  147.  -CP  660  Broach  Puller  Model  A 


Figure  I4S.  -Schematic  of  Automatic  Adaptation  for  Enerpac  Units 
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Figure  152.-  Taper*Lok  S-N  Scatter  Curves-  Zero  Until  Transfer  Filled  Holes  2024-T85  I  Aluminum 
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Cycles  to  failure  at  30-ksi  maximum  net  stress 


Transfer  Open-Hole  Fatigue  Tests— 2024-T851 


Transfer  Open-Hole  Edge-Margin  and  Hole-Spacing  Fatigue  Tests-2024-T851 


■'fgttre  lft4  Zertt  Load  Transfer  Filied-l Me  Faligue  Tests  -2024-TS5 1  Aluminum 


Figure  M5.  ■  Zero  Laud  Transfer  Venus  Law  Load  Transfer  and  Past  ream  Versus 
Sa  Pmtream  Methods  2024-T85  / 


Figure  166.— Zero  Load  Transfer  Versus  Low  Load  Transfer  and  Laboratory  Versus 
Production  Methods-2024-T851  Fatigue 
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Figure  1 67.  ~  Filled-Hale  Load-Transfer  Comparisons— 2024-T851  Fatigue  Tests 


Figure  168.  —Typical  Failure  Origins— 2024-T85 1 


Titanium  AUoy  Fatigue  Comparison— Reamed  Holes 


Maximum  net  stress  (ksi) 
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Figure  /  73.  -Filled  Hole  and  Base  Metal  ZLT  Fatigue 
Scatter  Bands  Ti-6Al-4V ,  Annealed 
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Figure  1 74, -S-N  Scatter  Curves*  Ti-OAl-dV,  Annealed,  Tapered  Fasteners 


258 


figure  179.  Zero  load  Transfer  Filled-Hole  Fatigue  Tests-Ti-6Al-4V  (Annealed) 


Figure  180.— Low  Load  Transfer  Fatigue  Test -H-6AI-4V and  Ti-6Al-4V/2024-T851 


Figure  1 82. -Typical  Fatigue  Failure  Origins— Ti-6Al-4 V 


Cycles  to  failure 

Figure  183.  —Base  Metal  S-N  Scatter  Curve- 300M  Steel  ( 270-300  KSI) 


Reamed  Open  Holes  and  Base  Metal S-N  Scatter  Curves— 300M  Steel  (270-300  KSI) 


Cycles  to  failure 

Coldworked  Open  Holes  and  Base  Metal  S-N  Scatter  Curves- 300M  Steel  ( 2  70-300  KSI) 
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I  holes  3/8-inch  diameter  in  fig.  2  coupons 
I  filled  holes  have  net  fit,  cadmium-plated  steel  Hi-Loks 

re  187.  -  Open-  and  Filled-Hole  Fatigue  Performance ,  Honing,  Reaming,  and  Coldworking.  With  Mandrel  Taper 

and  Interference  Variations— 3 00M  Steel  (270-300  KSI) 


'Lera  Load  Transfer  Fitied-Hole  Fatigue  Tests  3Q0M  Steel  ( 270-300  KSI ) 


tenure  I9j>  tifll  After  fulerfcrence-Fil  Installation  in  .MOM  Sled  ( 2  70-300  KSl ) 


High  Load  Transfer  Filled-Hole  Fatigue  Test-SOOM  Steel  ( 270-300  KSI) 
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Material 

Hole 

diameter  (in.) 

Coidworking 
interference  (in.) 

Stress  increase 
(psi) 

Yield  strength 
(psi) 

2024  T851 

3/8 

0.019 

17,000 

58,000 

TI-6AI-4V 

(annealed) 

3/8 

0.019 

31,500 

136,000 

300M  (270-300  ksl) 

3/8 

0.023 

89,000 

250,000 

Figure  202.  -  Tensile  Stress  Increase  From  Coldworking  at  Point  Adjacent  to 
Hole  on  Edge  of  2D  Edge  Margin  Specimen 


/  '  M 

:tf 


286 


C/W;  2.50D  E/M 


C/W;  i  imivi 
0.438 
2D  E  M 


C/W.  i  '.Min 
0.406 
2D  E/M 


O'VV;  ream 
0.390 
2D-E/M 


C/W;  ream 
0.375 
2D- E/M 


Csk  far  side 
after  C/W; 
2D-E/M 


C/W;  2D-E/M 


C/W;  2.5D-E/M  C/W;  2D-E/M  C/W;  1.75DE/M  C/W;  1.50D-E/M 


0.37b-ln.  Diameter  Holos-0.019  C/W  Interference 


id^iire  2(h) 


rimto  Stress  ( tuii)i)ii  Tiht  | /-/  !  '/('< until  imi  I >  Sxil  Side 


;  2D-E/M 


;  2D-E/M 


;  2D-E/M 


;  2D-E/M 


290 


Cycles  to  failure 

®Net  fit,  clearance  fit.  interference  fit  with  and  without  shim. 

Figure  209.  —Extrapolated  S-N  Curves- 300AI  Steel  ( 2  70-300  KSI) 


Condition 

2024-T851 

Ti-6AI-4V 

300M  (270-300  ksl) 

ZLT 

LLT 

HLT 

ZLT 
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HLT 
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Base  metal 

42 

- 
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105 
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33 
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- 
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- 

- 
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No 

data 
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No 

data 

46,b) 
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No 
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37 
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No 

data 

84 
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No 
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42 
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No 
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No 
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No 
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No 
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No 
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No 

data 

B2(bl 
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No 
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Figure  212. 


-  Allowable  A  wage  Operating  Stress  (KSl)  Within  2D  Zone  of  Fastener  To  Produce 
100,000  Cycles  (No  Safety  Factor) 
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